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PREFACE 


The  work  described  herein  was  performed  by  the  General  Electric  Company, 
Advanced  Engineering  and  Technology  Prograas  Department ,  Aircraft  Engine 
Group,  Evendale,  Ohio,  under  the  sponsorship  of  the  Air  Force  Aero- Propul  si on 
Laboratory  and  under  Contract  F33615-77-C-2018 . 

The  study  consisted  of  integrating  a  generator/starter  configuration 
onto  the  engine  rotor  shaft  in  such  a  Banner  as  to  provide  both  secondary 
electric  power  and  engine  starting  capabilities.  The  Integrated  engine 
generator/starter  (IEG/S)  was  then  analyzed  and  conceptually  designed  for 
three  power  levels  and  three  engine  categories.  Study  results  support  the 
supposition  that  a  rare  earth,  permanent  magnet  machine  in  an  IBG/S  concept 
is  a  technically  feasible  approach  to  secondary  power  extraction  and  engine 
starting.  Use  of  these  study  results  would  be  appropriate  for  inclusion  in 
a  future  all-electric  aircraft  configuration. 


Significant  assistance  during  this  study  was  provided  by  Air  Force 
personnel  from  the  Aero- Propul si on  Laboratory  at  WPAFB,  Ohio,.  Both  1st 
Lt.  Philip  G.  Gaberdlel  and  Villlam  Borger  are  noted  for  their  guidance 
and  contributions  to  the  succ*=«ful  completion  of  this  study. 

y 

Dr.  Elke  Richter  from  General  Electric's  C?«rporate  Research  and 
Development  Laboratories  and  Mr.  Charlee  Trlebel  and  Mr.  Robert  Webb  fron 


GB's  Aircraft  Equipment  Division  provided  the  technical  definition  and 
sizing/design  of  the  Samarium  Cobalt  gwu«??*or  configurations.  These  were 


then  integrated  into  various  engine  configurations  at  Gg-Evendale ' s  Aircraft 
Engine  Engineering  pivlaion  by  Technical  Manager  Herbert  Darnel.  Mr.  Max 


Baumgardner  was  Program  Manager. 
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SUMMARY 


A  study  pro gran  to  evaluate  the  application  of  integrated  engine  generator/ 
starter  (IEG/S)  concepts  was  conducted  to  identify  the  feasibility  of  integrating 
a  rare  earth  Samarium  Cobalt  (SnCo)  peraanent  magnet  generator/starter  to  the 
aircraft  engine  rotor.  The  IEG/S  concept  extracts  electric  power  from  the  prime 
propulsion  engine  and  also  provides  starting  (motoring)  of  the  engine. 

The  objective  of  this  study  Included  the  evaluation  of  the  IEG/S  system  in 
terms  of  payoff  potential  for  the  engine  system.  A  major  objective  was  to  deter¬ 
mine  the  feasibility  and  applicability  of  the  IEG/S  to  typical  engines.  This 
objective  addressed  detail  layout,  identifying  location,  configuration,  and 
interfaces  of  the  IEG/S  system. 

The  final  results  of  this  study  conclude  that  the  IEG/S  concept  is  technically 
feasible  and  offers  potential  advantages  over  today's  typical  secondary  power 
systems  (SPS).  The  primary  potential  advantages  of  the  IEG/S  compared  to  con¬ 
ventional  SPS  configurations  are: 

e  higher  reliability 

•  less  maintenance 

#  lower  life  cycle  cost 

The  overall  payoff  of  the  IEG/S  system  is  Influenced  by  many  factors  outside 
the  control  of  the  engine  and  IEG/S  system  design.  Therefore,  a  study  program 
is  recossaended  that  would  evaluate  the  IEG/S  benefits  and  detriments  to  the  tot  si 
aircraft  system.  The  goal  of  the  Study  would  be  to  establish  the  overall  payofF 
and  the  effects  on  the  performance  of  advanced  military  aircraft  with  respect 
to  mission  requirements  and  economical  considsratlone,  with  the  IEG/S  utilising 
a  maximum  of  electrical  power  supply  for  functions  such  as  p'*wor  actuation  and 
environmental  control. 

The  advantages  of  the  IEG/S  are  most  significant  ee  Power  Levels  III  and 
I I IA,  because  these  levels  allow  the  entire  mechanical  accessory  drive  system  tc 
be  eliminated.  (For  Power  Level  III  -  the  most  powerful  level  -  the  XEG/S  is 
to  supply  all  secondary  aircraft  and  engine  power,  including  power  normally  used 
for  hydrsulle  pumps  end  power  supplied  by  bleed  sir.  for  Power  Level  IIIA  the 
I EC/S  is  to  supply  all  secondary  power  except  that  normally  supplied  in  the  form 
of  bleed  air.) 
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Wlch  Che  elimination  of  che  accessory  drive  system  considerable  advantages 
of  engine  maintainability  are  achieved  through  a  "clean"  engine  periphery  without 
the  typical  congested  area  around  the  accessory  gearbox  (AGB)  with  its 
accessories,  ducts,  and  pipings.  Electric-motor-driven  engine  accessories  allow 
strategic  accessory  location  for  improved  service  tasks.  The  variable-speed- 
controlled  permanent  magnet  (PM)  motor  driving  a  fixed-displacement  fuel  pump 
supplies  fuel  proportional  to  engine  requirements  without  the  bypass  losses  that 
are  incurred  when  using  conventional  bypass-controlled  fuel  delivery  systems, 
thereby  improving  pumping  efficiency.  Higher  pumping  efficiency  keeps  the  fuel 
temperature  rise  lew  and  Improves  the  heat  removal  capacity  of  the  fuel  from  the 
engine  lube  system. 

The  reliability  of  the  1EG/S  inside  the  engine  is  most  important  for  the 
successful  implementation  of  this  design  and  must  be  considerably  better  than 
present  state-of-the-art  aircraft  generators.  The  solid-rotor  permanent  magnet 
generator/starter  is  mounted  directly  on  the  high*rpreSsure  (HP)  shaft  in 
combination  with  a  pure  electric  safety  disconnect  device  (no  moving  parts) , 
making  it  possible  to  achieve  a  mean  time  between  failures  (MTBF)  of  50,000  hours. 
This  IEG/S  system  represents  a  potential  viable  candidate  for  future  engine 
integration.  Since  the  generator-rotor  and  the  electrical  safety  disconnect 
have  no  wearing  parts,  the  chosen  IEG/S  design  requires  no  periodic  maintenance 
actions  as  opposed  to  conventional  secondary  power  systems. 

The  need  for  IEG/S  accessibility  is  not  a  major  consideration  due  to  the 
high  system  reliability  and  the  absence  of  periodic  maintenance  requirements. 
Replacement  of  IEG/S  components,  therefore,  could  be  accomplished  during  normal 
engine  maintenance. 

Although  a  life  cycle  cost  (LCC)  assessment  pas  beyond  the  scope  of  this 
study,  lower  operational  costs  can  be  predicted  based  on  the  potential  lower 
maintenance  and  replacement  expenses  that  would  follow  from  the  superior 
reliability  of  the  IEG/S  compared  to  conventional  SPS  power  generating  equipment. 

The  weight  of  the  IEG/S  system  compared  to  conventional  secondary  power 
systeme  does  not  provide  weight  advantages  for  the  engine  system.  However,  only 
the  overall  SPS  aircraft  system  weight  with  associated  distribution  systems 
(hydraulic,  pneumatic,  and  electric  versus  an  all-electric  power  distribution), 
together  with  end-user  equipment ,  will  determine  the  system  weight  payoff  or 
penalty  compared  to.  conventional  aircraft  systems.  . 
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The  major  consideration  of  SPS  efficiency  is  not  engine  performance  but 
heat  dissipation,  which  Influences  the  selection  of  available  cooling  media  and 
cooling  equipment  weight.  The  overall  IEG/S  extraction  efficiency  depends  largely 
on  the  power  level  and  engine  size. 

The  IEG/S  concept  has  its  highest  potential  payoff  in  the  application  of 
low  bypass  engines  for  high  performance  aircraft  of  near  sonic  or  supersonic 
operation.  The  elimination  of  the  AGB  from  this  type  of  engine  usually  results 
in  a  frontal  area  reduction  of  fuselage  or  nacelle,  thereby  reducing  drag  and 
improving  the  overall  aircraft  performance.  The  frontal  area  drag  reduction 
for  high  bypass  turbojets,  however,  can  also  be  achieved  by  taking  advantage 
of  alternate  AGB  locations  aft  of  the  fan  frame  between  fan  bypass  flowpath  and 
compressor  case,  rather  than  outboard  of  the  fan  case. 

This  study  demonstrates  the  IEG/S 's  technical  feasibility  and  good  potential 
for  high  performance  aircraft  where  the  frontal  area  of  the  engine  installation 
(nacelle  or  fuselage)  is  Influenced  by  the  AGB  package,  as  is  the  case  in  low 
bypass  or  pure-jet  engines.  The  minimum  IEG/S  electric  power  generation  rating 
for  maximum  benefits  must  be  large  enough  to  eliminate  the  mechanical  accessory 
drive  system  for  aircraft  and  engine  accessories  and  provide  starting  of  the 
engine . 

The  application  of  the  IEG/S  concept  in  dual-spool  high  bypass  turbofans, 
however,  does  not  show  a  payoff  if  frontal  area  and  aerodynamic  drag  may  be 
reduced  by  other  means.  (For  example,  by  having  a  core-mounted  gearbox  drive  a 
PM  generator/starter.)  The  applicability  of  the  IEG/S  to  specific  engines  has 
to  be  studied  for  each  individual  esse. 


SECTION  I 
INTRODUCTION 

Air  Force  and  Industry  have  recognized  the  potential  value  of  integrating 
secondary-power-generation  devices  and  engine  accessory  components  into  the 
basic  engine  structure.  The  purpose  of  this  design  approach  would  be  to 
minimize  the  propulsion  system  envelope.  Provided  that  a  suitable  configuration 
could  be  refined,  the  propulsion  system  should  then  provide  improved  installed 
performance,  in  two  respects:  drag  would  be  reduced,  and  reliability  would  be 
improved  by  doing  away  with  the  complex  mechanical  secondary -power-generating 
equipment  and  accessory  drive  system. 

The  Aircraft  Engine  Group  (AEG)  of  the  General  Electric  Company  has  been 
funded  by  the  Aerospace  Power  Division  of  the  Air  Force  Aero  Propulsion 
Laboratory  to  perform  a  Samarium  Cobalt  Generator/Engine  Integration  Study 
Program,  Contract  Number  F33615-77-C-2018.  The  program  encompassed  a  detailed 
study  and  design  effort  to  determine  applicability,  location,  and  configuration 
of  a  permanent  magnet  (PM)  generator/starter  suitable  for  integration  into  an 
engine  structure.  Parametric  and  design  studies  and  a  design  layout  of  a  single 
selected  concept  have  been  completed  and  are  reported  herein. 


SECTION  II 
TECHNOLOGY  BASE 

The  groundwork  leading  to  the  Permanent  Magnet  IEG  (IEG/S)  is  quite 
extensive  and  is  a  culmination  of  three  separate  technology  areas. 

A.  VARIABLE-SPEED  CONSTANT-FREQUENCY  POWER  SYSTEM 

Variable  Speed  Constant  Frequency  (VSCF)-type  aircraft  power  systems 
became  technically  feasible  in  the  late  1950's  and  early  1960’s  with  the  inception 
of  high-power  semiconductor  devices.  The  technology  progressed  extremely  slowly 
until  1972,  when  VSCF-type  equipment  was  called  upon  to  solve  an  A-4  electrical 
system  problem.  The  excellent  results  achieved  in  the  A-4  program,  coupled  with 
the  high  life  cycle  costs  (LCC's)  of  present  hydromechanical-drive  electrical 
systems,  have  led  to  the  selection  of  the  VSCF  technology  on  the  new  Navy  Advanced 
Fighter  Aircraft  (F-18) .  The  Air  Force  Is  actively  pursuing  the  VSCF  concept 
by  Contract  F04606-76-C-0902,  which  has  been  awarded  to  The  Boeing  Company.  The 
objectives  of  the  contract  are  to  procure  and  Install  a  60  kilovolt-amp  (KVA)  VSCF 
systeM  (wire-wound- rotor  design)  for  service  test  in  the  KC-135  aircraft. 

Additional  wire-wound  VSCF  work  was  accomplished  under  Navy  Contract  N00421-72-C- 
6579,  which  was  awarded  to  the  General  Electric  Company  for  demonstration  of  a 
starter/ generator  VSCF  system  for  the  A-6  aircraft.  The  results  of  this  program 
showed  that  VSCF  equipment  can  provide  flexible  engine-starting  systems. 

B.  RARE  EARTH/TRANSITION  METAL  MAGNETS 

• 

The  listing  of  Rare  Earth/Transltlon  Metal  permanent  magnets  dates  to  the 
1917  time  period.  It  was  not  until  1966,  however,  chat  a  rare  earth  cobalt-based  \ 

"family"  of  super  magnets  was  predicted.  During  the  1966  to  1973  time  period, 
the  Air  Force  Materials  Laboratory  played  a  major  role  in  the  development  of 
high-energy  rare  earth  magnets.  By  1973,  magnets  with  a  20  million  gauss-oersteds 
energy  product  were  available  on  the  commercial  market.  It  was  then  apparent 
that  rotating  machinery  using  rare  earth  transition  metal  magnets  could  yield 
exciting  payoffs  in  weight,  volume,  and  reliability  in  the  400  Hs  aircraft 
electrical  power  area.  A  joint  AFML/AFAFL  effort  warn  initiated  via  contract  to 


the  General  Electric  Company  to  construct  a  VSC?  starter/generacor  system  using 
rare  earth  transition  metal  magnets  in  the  rotor  of  the  machine.  The  system  size 
is  150  KVA,  115  volts,  3  phase,  400  Hz,  and  consists  of  a  solid-rotor  synchronous 
machine  together  with  a  solid-state  cycloconverter  which  is  used  to  control 
power  flow  in  both  directions.  The  operation  of  this  system  was  successfully 
demonstrated  in  early  1978. 

The  results  of  this  program  demonstrated  that  rare  earth  magnets  could  be 
applied  to  high-powered  400  Hz  electrical  scarter/generator  systems  and  yield  a 
significant  improvement  in  electrical  generating  system  efficiency.  The  success 
of  the  150  KVA  PM  effort  resulted  in  a  major  follow-on  program  with  60  KVA  starter/ 
generator  units  which  are  to  be  flight-tested  on  the  A-10  aircraft.  This  program 
was  initiated  via  contract  award  (F33615-78-C-2200)  to  the  General  Electric 
Company  in  August  1978  and  will  culminate  in  an  extensive  one-year  service  test 
beginning  in  1982. 

C.  INTEGRATED  ENGINE  GENERATOR  STUDIES 

Early  in  the  1970's  the  National  Aeronautics  &  Space  Administration 
recognized  the  need  for  alternate  secondary-power  systems  for  advanced  transport 
aircraft.  A  contract  (NAS1-10893)  was  awarded  to  the  Boeing  Company  to  study 
advanced  secondary-power  extraction  techniques.  The  study  program  indicated 
significant  technical  and  economic  payoffs  (depending  upon  aircraft  configuration) 
by  using  the  IEG  (IEG/S)  approach.  In  this  same  time  period,  the  Air  Force 
Aero  Propulsion  Laboratory  also  investigated  Advanced  Accessory  Drive  Systems 
for  turbine  engines  via  a  study  contract  (F33615-72-1170)  with  Pratt  A  Whitney 
Aircraft.  Results  of  the  study  heavily  favor  the  IEG  (IEG/S)  in  an  Advanced 
Accessory  System,  The  first  attempt  to  manufacture  hardware  for  the  IEG  concept 
was  also  made  by  Pratt  A  Whitney  via  a  subcontract  to  the  Sendix  Corporation. 

This  effort  was  done  for  the  Naval  Air  Propulsion  Test  Center  under  contract 
N001 40- 73-C-Ol 26 .  A  brushless  30  KVA,  3600  to  11,100  rpm,  VSCF-type  generator 
was  successfully  designed,  built,  and  tested  in  a  Pratt  A  Whitney  J52  engine 
environment . 
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SECTION  III 
PROGRAM  OBJECTIVES 


The  objectives  of  this  study  program  are  to  investigate,  analyze,  and 
define  the  applicability,  optimal  location,  and  configuration  of  rare  earth 
SaCo  permanent  magnet  (PM)  generator/starters  suitable  for  integration  into  the 
main  rotor  system  of  typical  aircraft  gas  turbine  engines.  A  major  objective 
is  the  definition  of  the  engine  interface  for  such  an  integration. 

The  configuration  study  and  design  entails  the  conceptual  design  of  a 
matrix  of  three  engine  classes  and  three  or  more  power  levels  as  defined  in 
Section  IV.  In  addition  to  establishing  the  functional  and  performance  feasi¬ 
bility  of  this  generator/engine  integration  concept,  consideration  shall  be 
given  to  aspects  such  as  maintenance,  reliability,  and  system  safety.  Specific 
safety  design  objectives  Include  the  incorporation  of  a  safety  disconnect  to 
protect  the  engine  in  the  event  of  an  internal  PM  machine  fault  or  a  feeder  fault 
without  altering  normal  engine  operation. 

A  parametric  tradeoff  study  will  result  in  the  selection  and  identification 
of  a  single  englne/power  level  combination  .most  suited  to  demonstrate  the 
Integrated  Engine  Generator /Starter  (IEG/S)  technology  for  further  in-depth 
analysis  and  detail  design  layout.  The  advantages  being  sought  from  the 
generator/engine  integration  Include  improvements  in  both  engine  frontal  area 
(elimination  or  size  reduction  of  the  accessory  gearbox),  reduction  in  weight, 
and  Improved  reliability  over  the  baseline  engine  and  secondary  power  generation 
system. 
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SECTION  IV 

ENGINE  CLASSES  AND  GENERATOR  POWER  LEVELS  STUDIED 


The  study  considered  three  engine  classes  and  assessed  three  levels  of 
electrical  power  requirements  for  each  engine  class. 

The  three  specified  engine  classes  are  categorized  4s  follows: 


e  Low  Bypass  Turbofan 
e  High  Bypass  Turbofan 

•  Small  Turbofan  for  Remote  Piloted  Vehicle  (RPV) 
The  initial  definition  of  power  level  requirements  is: 


•  I  Generation  of  electric  customer  power 

•  II  Generation  of  electric  customer  power  plus 

electric  engine  starting 

•  III  All  electric  secondary  power  extraction 

(including  bleed  air)  plus  electric  starting 

A  fourth  power  level  has  been  Introduced  by  GE  during  the  program  to 
broaden  the  IEG/S  application  possibilities,  defined  as: 


e  IIIA  Same  as  III,  except  that  customer  bleed  air 


is  provided  by  the  engine  compressor. 


ENGINE  CLASSES 


The  following  General  Electric  production  engines  match  the  specified 


characteristics  of  engine  classes: 

Low  Bypass  Turbo isn: 
High  Bypass  Turbofan: 
Small  Turbofan  (RPV): 


F404 

P103  (CP 6-50) 
TP  34 


Pertinent  performance  characteristics 
are  discussed  below,  along  with  discussions 
be  applied  toward  the  IEG/S  concept.  ! 


and  applications  of  those  engines 
of  how  bsnef icially  each  engine  can 


1.  Low  Bypass  Turbofan  Engine 


The  F404  is  a  low  bypass,  augmented  turbofan  engine  developed  for 
application  in  advanced  fighter  aircraft  (F-18).  This  type  of  engine  benefits 
most  from  the  advantages  of  a  minimum  frontal  engine  area  and  associated  drag 
reduction  in  high  performance  aircraft  (A/C)  near  or  above  sonic  speed. 

The  elimination  or  reduction  of  the  peripheral  case-mounted  accessory 
gearbox  (AGB)  directly  influences  the  total  frontal  area  of  the  F404,  an  engine 
whose  shape  approaches  that  of  a  straight  cylinder.  The  F404  engine  configuration 
and  specification  are  shown  in  Figure  1. 

Although  the  IEG/S  payoff  potential  of  a  low  bypass  turbofan  or  jet  engine 
is  high,  the  PM  machine  design  integration  la  difficult  because  of  the  small 
physical  space  available. 

Engine  cross  sections  of  the  F404  can  be  found  in  Addendum  A,  Drawings,  of 
this  report. 

2.  High  Bypass  Turbofan  Engine 

The  F103  ia  the  military  designation  for  the  CF6-50  high  bypass  commercial 
turbofan.  This  engine  has  applications  in  commercial  A/C  (Airbus  A300B,  Douglas 
DC- 10,  Boeing  747)  and  Advanced  Military  Transport  (USAF  AT CA-T anker  (DC- 10))  and 
USAF  E-4A/B-Command  Post  (747). 

The  F103  has  a  fan-case-mounted  accessory  gearbox,  adding  directly  to  the 
frontal  projection  of  the  engine  and  nacelle  area  in  a  wing-pod-mounted  installa¬ 
tion.  Advanced  versions  of  this  family  of  engines  will  be  supplied  with  core- 
mounted  gearboxes  that  do  not  affect  engine  frontal  area. 

The  F103  engine  configuration  and  specifications  are  shown  in. Figure  2. 

High  bypass  turbofans  have  a  large  space  available  in  the  forward  sump 
(between  fan  and  compressor)  for  IEG/S  installation,  making  it  possible  for  an 
IEG/S  to  be  installed  without  major  modification. 

Engine  cross  sections  of  the  F103  can  be  found  in  Addendum  A,  Drawings. 

3.  Small  Turbofan  Engine 

The  T734  is  a  high  bypass  turbofan  engine  selected  for  Remote  Piloted 
Vehicle  operation.  This  engine  has  applications  for  the  advanced  USAF  A-10 
Attack  Aircraft  and  the  Havy's  S-3A  Anti-Sub  Aircraft.  The  TP34  Incorporates 
a  core-mounted  accessory  gearbox  located  between  core  and  fan  flowpath,  where  it 
does  not  add  to  frontal  angina  area.  The  TP 34  engine  configuration  and 


SPECIFICATIONS 

Weight,  lb 
Length,  in. 

Maximum  Oiaaeter,  in. 

Fan/Compressor  Stages 
HPTA.PT  Stages 
Bypass  Ratio 
Pressure  Ratio 
Airflow,  lb/sec 
Maximus  Thrust  SLS,  lb 
SFC 

Thrust  ATeight 


2120 

159 

35 

3/7 

1/1 

0.30 

25 

144 

10,600  (16,000  Augmented) 
0.80  (1.86) 

»  (7.5) 


Figure  1.  F404  Engine, 

v. 
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SPECIFICATIONS 


Weight,  lb 

8375 

Length,  in. 

190 

Maximum  Diameter,  in. 

86.4  (Fan) 

Fan-(Booster)/Compressor  Stages 

l-(3)/14 

HPT/LPT  Stages 

2/4 

Bypass  Ratio 

4.4 

Pressure  Ratio 

30.3 

Airflow,  lb/sec 

1484 

Maximum  Thrust  SL.S,  lb 

52,500 

SfC 

0.393 

Thrust /Weight 

6.3 

Figure  2.  F103  Engine. 


specifications  are  shown  in  Figure  3.  Engine  cross  sections  of  the  TF34  can  be 
found  in  Addendua  A,  Drawings. 

B.  ELECTRICAL  SYSTEM  LOAD  REQUIREMENTS 

1.  Introduction 

The  specification  defined  three  levels  of  electrical  power  requirements 
to  be  considered  for  each  of  the  three  engine  classifications. 

The  generator  power  level  definitions  and  their  impact  on  the  airframe 
(customer)  and  propulsion  system  are  given  in  Table  1. 

During  the  study  it  became  apparent  that  the  Power  Level  III  generator/ 
engine  integration  became  impractical  for  the  F404  and  F103  because  the  generator 
would  require  more  room  than  was  available  in  the  engine  envelope. 

To  provide  a  more  comprehensive  study.  General  dlectrlc  decided  to  add  a 
fourth  power  level  which  was  termed  Level  IIIA.  This  level,  which  is  defined 
in  Table  1,  fills  the  significant  gap  between  Level  II  and  Level  III. 

System  KVA  ratings  for  each  power  level  and  each 'engine  classif ication 
were  established  for  consideration  in  the  parametric  design  studies.  These 
ratings  were  arrived  at  from  (1)  the  ratings  suggested  in  the  specification, 
and  (2)  calculations  which  defined  the  starting  and  electrical  load  requirements 
of  the  application.  The  range  of  KVA  ratings  for  each  power  level  and  each 
engine  classification  was  then  narrowed  to  a  single  rating  for  each  combination 
for  use  in  the  engine  alternator  layouts  and  ultimately  for  use  in  the  selection 
of  an  I EG/S  concept  for  further  study. 

Table  2  shows  the  selected  KVA  ratings  for  each  power  level  and  each  engine 
classification.  Paragraphs  which  follow  discuss  how  these  selected  KVA  ratings 
were  established. 

2.  Level  I  KVA  Rating 

A  range  of  electrical  system  KVA  ratings  was  given  In  the  specification 
for  Level  I  power  for  each  of  the  three  engine  classifications.  Generally,  the 
range  overlapped  with  the  KVA  rating  requirements  that  were  calculated  for  Level 
II  power.  It  waa  necessary  to  select  a  single  rating  for  each  power  level  and 
each  engine  in  order  to  limit  the  magnitude  of  engine  design  layout  work  being 
undertaken.  The  selection  process  for  Level  I  involved  a  review  of  typical 
applications  for  each  of  the  selected  anginas  and  knowledge  of  the  KVA  rating 


SPECIFICATIONS 


W«ifht,  lb  1460 

Length,  In.  100 

Xaxiaua  Diameter,  In.  52 

Fan-(Booster)/Coaipressor  Stage*  1/14 

HPT /LPT  Stage*  2/4 

Bypass  Ratio  6.2 

Pressure  Ratio  22 

Airflow,  lb/sec  333 

Maximum  Thrust  SLS,  lb  9275 

SFC  0.363 

Thrust/Weight  6.-1 


Figure  3.  TP34  Engine. 
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table  1 


level  I 


LEVEL  II 


LEVEL  III 


LEVEL  II IA 


GENERATOR  POWER  LEVEL  DEFINITION 
AIRFRAME 

KVA  rating  of  I EG  for 
typical  state- of-the- 
art  A/C  or  RPV 

requirement. 

Sa«e  as  Level  I,  except 
*u»t  size  IEG/S  for 
electric  starting. 

Provide  all  secondary 
power  to  airframe  and 
propulsion  in  the  for* 
of  electrical  power, 
(Customer  air  bleed 
replaced  by  equivalent 
electric  poser.) 

Prov We  all  secondary 
pcwer  to  airfraae  sad 
propulsion  in  the  form 
of  electrical  poser, 
except  that  bleed  sir 
ie  provided  by 
conventional  aethods. 


propulsion 

Mechanically 

driven 

acceasories, 

Saae  as  Level  I. 


Eliminate  mechanical 
engine  accessory  drive 
systea.  All  engine 
secondary  power 
systeas  driven 
electrically 


Eliminate  mechanical 
engine  accessory  drive 
system.  AU  engine 
secondary  power  aysteas 
driven  electrically. 


TABLE  2 

SELECTED  EVA  RATINGS 


Engine 

2 

II 

XXLt 

in 

TF34 

(RPV) 

30/40 

BO 

»0/75 

120 

F404 

Lo*  Bypass 

BO/75 

90 

200 

BOO 

PI  03 

Hi(l)  Bypass 

73/30 

130 

300 

1200 

11 


that  had  been  established  by  calculation  to  meet  the  Level  II  requirements. 
Knowledge  of  the  Level  II  requirement  Influenced  the  Level  I  selection  in  order 
to  achieve  a  spread  of  KVA  ratings  being  considered  for  each  engine. 

Table  3  shows  the  KVA  ratings  of  electrical  generating  systems  in  specific 
applications  of  each  of  the  selected  engines.  In  Table  3  and  elsewhere,  a  slash 
rating  such  as  30/40  KVA  means,  for  example,  that  the  continuous  duty  rating  is 
40  KVA  but  overload  rating  Is  based  upon  30  KVA  nominal.  The  standard  overload 
requirement  is  1.5  times  the  nominal  rating  for  5  minutes  and  2  times  the 
nominal  rating  for  5  seconds.  The  30/40-rated  sysCes  therefore  has  the 
following  ratings: 

Continuous  40  KVA 

5  Minutes  45  KVA  (1.5  x  30) 

5  Seconds  60  KVA  (2.0  x  30) 


Table  4  shows  the  KVA  rating  selected  for  each  engine  In  the  Level  I 
application.  The  30/40  KVA  selection  for  the  TF34  is  In  the  middle  of  the  ratings 
of  actual  applications  shown  in  Table  3  and  is  lower  than  the  Level  II  rating  of 
60  KVA.  The  rating  selected  for  the  F404  is  higher  than  the  application  shown, 
because  more  power  Is  required  in  typical  applications  and  the  Level  II  rating 
Is  90  KVA.  A  straight  60  KVA  rating  also  is  a  close  contender  for  selection. 

The  selected  75/9G  ratings  for  the  F103  fell  within  the  range  of  actual 
applications  and  below  the  calculated  Level  II  requirements  of  120  KVA. 


The  KVA  rating  for  each  engine  at  Level  II  was  established  by  calculating 
the  system  rating  that  would  be  required  for  starting  the  engine.  The  starter  . , 
torque  and  power  requirements  are  typically  greater  than  Power  Level  I  electrical 
power  generation  requirements. 


Determination  of  Starter 


During  a  normal  engine  start,  the  starter  drives  the  engine  through  the 
firing  speed  to  self-sustaining  speed  and  then  assists  the  engine  to  accslerate 
until  starter  cutoff  occurs. 

Figures  4  through  6  show  the  engine  drag  torque  curve  vs .  speed  during 
start  for  different  temperature  conditions.  The  time  to  accelerate  the  engine 
rotor  mass  (inertia)  is  determined  by  the  excess  torque  available  from  the 
starter.  (The  excess  is  the  difference  between  starter  torque  and  engine  drag 
torque.) 
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TABLE  3 

lEVn.  I  EVA  RATINGS  TOR  SPECIFIC  APPLICATIONS 


TF34 

(RPV) 

F404 

(Low 

Bypass) 

F103 

(High 

Bypass) 


/Service/Manufacturer 
A-10/USAF/Fairchild 
S-3A/USN/Loekheed 
RPV  from  Specification 


74  7/Commercial/Boeing 
DC--l0/commercial/McDoTinell-Dougl 
ATCA  (Tanker,  DC-10) /DSA?/ 
McDonnell-Douglaa 
E-4A/B  (Command  Pose  747)/ 

USAP /McDonnell-Douglas 
A- 300B /Commercial /Airbus 
Industrie 


KVA  Rating 
Per  Engine 

30/40 
60/75 
5  to  IS 

30/40 

60 

90 

90 


dumber  of 
Engines  per 
Aircraft 


2 

2 

Typically  1 

2 

4 

3 

3 


2  *  150  4 


90  2 


TABLE  4 

LKVKL  X  KVA  RAT  WO  SELECTION 

TP34 

30/40  _ 

(KTV) 

P404 

(Low  Bypass) 

60/75 

P103 

(High  Bypass) 

73/90 

Unbalanced  Torque,  ft-lb 


Votes: 

(a)  Vo  eustener  air  bleed  during  starting. 

(b>  Power  extraction  ^eraltted  between  starter  cutout  and  ground 
Idle,  up  to  34  bp  providing  starter  cutout  Is  at  least  eooo 
rpu  1300  rpu. 

(e)  Mlaluuu  engine  firing  speed  3900  rpu. 


Figure  4.  Starting  Torque  and  Speed  Requirements  (Sen  Level 
Static  Condition)  «  F404  Engine. 


Unbalanced  Torque,  ft-lb 


too 


500 


400 


200 


-200 


-400 


-600 


-too 


-1000 


IatlD«  Accessory  Torque  Loads  Included 
Teeperature  la  Tj 

Starter  Drive  to  HT  Rotor  Gear  Ratio  la  0.956 
DOOTTl  (Type  II)  011 
Sea  Level  Static 

Ro  Aircraft  Accessory  Loads  or  Bleed  Extraction 


Figure  5.  Starting  Torque  end  Speed  Fequiremente  (See  Level 
Static  Condition)  -  F103  (CF6-50)  Engine, 

1* 


Unbalanced  Torque,  ft-lb 


Note:  (1)  Drag  Torque  Baaed  on  Zero  Load  on  Custoaer  Pads 
and  No  Cuatoaer  Bleed  Airflow 

(2)  Required  HP  Rotor  Speed  Before  Firing  3190  rpa 

(3)  Mlniaua  Starter  Cutout  Speed  la  3750  rpa  (9405 
rpa  HP  Rotor  Speed) 

(4)  Maxiaua  Starter  Cutout  Speed  la  4250  rpa(10,660 
rpa  HP  Rotor  Speed) 


>65*  F  Aabient  Temperatures 


V 


-40*  F 


59* 

-^30*  F 
I 


130*  F 


10,000 


12,500 


HP  Rotor  Speed,  rpa 


Figure  6.  Starting  Torque  and  Speed  Requirement  a  (Sea  Level 
Static  Condition)  -  TF34  Engine, 


The  resultant  time  to  reach  engine  idle  is  derived  from  ehe  following 
basic  equation: 

Tn  -  IT  a  {lb-ft]  (1) 

with  a  »  ^  angular  acceleration  [rad/sec^]  (2) 

Then  from  (1)  follows: 

*  *T  dt  an<*  t*ie  t0  (3) 

t  ■  1^  /“’idle  dw  [sec]  (4) 

h 

T«.  -  Ts  i  (te  ♦  V  <5> 

The  actual  calculation  of  start  time  using  equation  (4)  Is  performed  by 
taking  Aw  (Arpm)  increments,  using  the  average  torque  for  each  increment  and 
determining  At  for  each  increment. 

I_  x  2ir/60  x  (Arpm) 

At  *  — : — ~ -  [sec]  (6) 

« 

and  t  »  EAt  [sec]  (7) 

T„  *  Net  accelerating  torque  [lb-ft] 

T^  ■  Steady-state  starter  torque  [lb-ft] 

Tg  •  +  engine  torque  [lb-ft] 

Ta  -  Accessory  torque  reflected  to  the  dP-rotor  [lb-ft]  , 

X-  »  Total  inertia  of  the  engine  HP  rotor  system 
T  2 

(slug  ft  ]  accessories  referenced  to  the 
high  pressure  (HP)  rotor 

w  ■  Angular  velocity  (l/sec) 

t  "  Time  (sec) 

The  determination  of  electric  starter  torque  and  torque  versus  speed 
characteristic  was  established  on  the  basis  of  equal  start-time  performance 

achieved  by  presently  used  pneumatic  starters.  ' 
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Table  5  lists  engine  start  data.  Including  start-time  requirements  for 
pneumatic  starts. 

General  Electric  uses  a  computer  program  vhlch  calculates  the  engine  speed 
versus  time  for  a  given  VSCF  starter  system  rating  and  a  given  engine.  The  drag 
torque  data,  minimum  idle  speed,  and  inertia  of  the  engine,  torque  characteristics 
of  the  IEG/S  system,  are  inputs  for  the  computer  program.  A  function  generator 
representing  the  starter  system  and  another  one  representing  the  engine  are  set 
up  in  the  computer.  The  difference  between  starter  torque  and  engine  drag  torque 
establishes  the  net  torque  for  acceleration.  This  net  accelerating  torque  is 
integrated  and  divided  by  inertia  to  get  speed,  vhlch  is  the  input  to  the, 
function  generators.  Using  this  program,  calculations  of  tlme-to-idle  speed  for 
IEG/S  systems  of  various  KVA  ratings  were  made  for  each  engine.  Plots  of  these, 
data  are  given  in  Figures  7,  8,  and  9  for  the  TF34,  F404,  and  F103  engines 
respectively. 

For  the  TF34,  a  six-phase  machine  in  a  50  KVA  rated  system  would  get  the 
engine  to  idle  speed  in  the  30-second  maximum  start  time.  A  60  KVA  system  is 
recommended,  however,  since  it  is  a  more  common  rating.  A  nine-phase  machine 
in  an  80  KVA  system  would  drive  the  F404  engine  to  idle  speed  in  about  37  seconds, 
but  a  90  KVA  system  is  recommended  as  a  more  standard  rating.  For  the  F103  engine 
a  nine-phase  machine  in  a  120  KVA  system  is  recommended. 

Table  6  shows  the  result  of  the  analysis  for  the  required  starter/ 
generator  KVA  ratings  and  predicted  start  times. 

Figure  10  shows  the  expected  speed/torque  curve  for  a  60  KVA,  permanent 
magnet,  IEG/S  system.  The  system  is  used  at  its  1.5  p.u.  (per  unit)  rating  for 
start,  so  these  data  actually  reflect  a  system  operating  with  90  KVA  of  input. 

As  stated  above,  the  curves  of  Figure  10  are  for  90  KVA  of  liiput  or  a  60 
KVA  system  operating  at  1.5  p.u.  This  rating  corresponds  to  the  Level  II  system 
for  the  TF34  engine.  For  a  90  KVA  system,  which  is  recommended  for  the  F404 
engine,  the  same  curves  apply  but  the  ordinate-axis  power  values  are  multiplied 
by  1.5.  The  85  ft-lb.  low  frequency  starting  torque,  for .instance,  would  become 
127.5  ft-lb.  The  120  KVA  system  recommended  for  the  F103  would  also  utilize 
the  same  curves  but  with  the  ordinate  axis  values  multiplied  by  2. 

For  Power  Levels  IIIA  and  III,  the  input  volt-amps  to  the  starting  machine 
would  be  limited  to  90  KVA,  135  KVA,  and  180  KVA,  respectively,  for  the  TF34, 
F404,  and  F103  engines,  since  this  input  level  is  sufficient  to  accomplish  engine 
starting. 
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TABLE  5 

engine  ground  start  data 


t  ' 


* 

F404 

F103 

TF34 

Ignition  speed 

core  rpm  (std.  day  S.L.) 

Start  1680 

1000 

3188 

Termination  7560 

6340 

10,000 

Ground  Idle  speed 
core  rpm 

Std  day  S.L.  10,500 
Min  idle 

6340 

11,300 

(-)65<>F  S.L.  8715 

5262 

9380 

100Z  operating  speed 
core  rpm  (std.  day  S.L.) 

16,810 

9827 

17,600 

Generator  overspeed 
(2222  core  speed)  rpm 

20,508 

11,990 

21,472 

Typically 

30 

■  , 

35-38 

Moment  of  inertia 
HP-rotor,  lb-f t2 

80. 5 

660 

40.3 

Direction  of  rotation  of 

HP- rotor  looking  forward 

Clockwise 

Clockwise 

Clockwise 

Tl»e  tc  Idle,  seconds 


f  A  -  » 


Selected  90  KVA 
9-Phase  Machine 
32  Seconds  to  Idle' 


Ti«s  '.o  Idle,  seconds 


TABLE  8 

pomes  L*ra  ii  kva  ratxbg 

Electrical  Systea  Machine  Expected  Timm  to  Idle,  S.L. 


Engine 

KVA  Rating 

Phases 

Standard  Day  (Seconds)* 

TF34 

60 

6 

23 

F103 

120 

9 

33 

F4G4 

90 

9 

32 

♦Based  on  1.5  x  electric  systea  KVA  rating  tot  starting  and  cross-starting  without 
cue tower  accessory  load  extraction. 


b.  Power  Extraction  During  Cross  Start 


In  a  cross-start  situation,  one  IEG/S  system  is  in  the  generate  mode 
supplying  electrical  power  to  a  second  IEG/S  system  which  is  in  the  start  mode. 

The  electrical  power  supplied  is  normally  limited  by  the  start  rating  for  each 
system.  The  power  quality  from  any  but  the  stlffest  power  source  is  degraded  by 
the  start  system  load  during  the  first  10  to  15  seconds  of  the  start  period. 

The  degradation  occurs  because  the  power  factor  of  the  load  is  very  low  until  the 
starting  machine  gains  a  few  hundred  rpm.  For  cross-start,  the  generating  VSCF 
system  selected  for  each  of  the  three  engines  can  supply  *n  additional  electrical 
load  of  up  to  20  percent  of  its  continuous  duty  rating.  This  additional  power 
extraction  during  the  cross-start  for  each  engine  is  shown  in  Table  7. 

The  power  will  have  a  10  to  12  percent  harmonic  distortion  and  low  line-to- 
neutral  voltages  (108  VRMS)  during  the  first  10  to  15  seconds  of  the  start  period. 
As  the  engine  being  started  comes  up  to  idle  speed  the  power  quality  will  return 
to  normal . 

The  above  circumstances  apply  whether  on  the  ground  or  in  flight,  though 
the  in-flight  starting  interval  is  expected  to  be  shorter  since  the  start  will 
be  assisted  by  windmilling  of  the  engine.  It  should  be  noted  that  the  hea\y, 
low  power-factor  load  during  the  first  half  of  the  start  mode  may  also  cause 
distortion  of  the  power  from  a  ground  power  source  when  starting  the  first  engine. 
It  will  be  necessary  to  Include  this  loading  consideration  when  selecting  6r 
specifying  an  external  power  source  that  will  be  used  to  supply  engine  start 
electrical  power. 

For  Levels  IIIA  and  III,  there  is  excess  capacity  in  the  VSCF  generator/ 
starter  beyond  what  is  used  by  the  system  in  the  start  mode.  The  excess 
electrical  generation  power  will  be  supplying  other  electrical  system  loads. 

Since  the  start  system  vich  the  initial  low  power  factor  will  represent  less  of 
the  total  electrical  systems  load,  the  power  quality  will  not  be  degraded 
significantly. 

4.  Power  Level  III 

Power  Level  III  is  defined  as  an  all-electrical  secondary  power  extraction, 
including  customer  bleed  air. 


3S 


Engine 

TF34 

F404 

F103 


TAILS  7 

ADDITIONAL  POWER  EXTRACTION  DURING  CROSS  START 

Level  IX  Additional  (Accessory) 

System  Rating  (KVA)  Power  Extraction  (KVA) 


60 

12 

90 

120 

24 

2* 


This  IEG/S  combines  the  function  of  electric  power  generation  and  engine 
starting.  The  all-electric  secondary  power  extraction  has  its  highest  potential 
in  the  application  of  the  all-electric  aircraft.  Limitation  of  the  physical 
size  of  the  generator,  however,  determines  the  applicability  of  the  design. 


Determination  of  Generator/Starter  Rating 


Power  for  the  operation  of  aircraft  and  engine  accessories  is  extracted 
conventionally  from  the  engine  in  the  fora  of:  (1)  bleed  air  for  the  aircraft 
environmental  control,  and  (2)  power  (mechanical)  to  drive  hydraulic  pumps, 
electric  generators,  and  engine  accessories  such  as  fuel  ptaap,  lube  pump,  and 
the  control  alternator. 

Typical  customer  bleed  air  requirements  have  been  established  from  field 
experience  for  commercial  aircraft.  The  maximum  allowable  customer  bleed  air 
limits  are  controlled  by  the  engine  model  specification.  Bleed  air  quantities 
and  their  respective  equivalent  horsepower  are  listed  In  Table  8. 

The  equivalent  hp  is  derived  from  the  adiabatic  compression  process  of  air 
by  the  following  relationship*. 

•  c  T 

P  «  p  c  Power  of  compression  (hpl  (8) 

c  0.707 


Bleed  air  flow  £~“  J 
n  BTU_ 

u‘  lb“  specific  hest  for  air 


(TBleedc  ‘  TInlet(,) 


(9) 

(10) 


TcBlted*  Tc  Inlet  *cCu<1  *ir  t«P«*«ure  W 

Customer  bleed  air  is  used  for  Che  foll-nrlng  typical  application#: 

1)  Cabin  pressurization 

2)  Cabin  environmental  control 

3)  De-icing  of  engine  nacelle 

4)  Wing  leading  edga  anti-icing 

5)  Cargo  bay  heating 

•)  Klactronic  equipment  cooling 

7)  Kxtemal  windshield  de-ice.  Internal  windshield  defog 


«t-i/90*4  (OS-943)  COt 4  OT-*/OOt-9C4I 


The  all-electric  secondary  power  extraction  will  require  the  conversion 
of  electric  energy  to  pressurized  air,  suitable  to  perform  the  tasks  of  cabin 
pressurization  and  air-conditioning. 

Table  9  shows  the  data  that  were  assembled  to  define  secondary  power 
requirements  other  than  bleed  air  for  each  engine  in  a  specific  aircraft  applica¬ 
tion.  The  data  show  the  secondary,  power  per  engine  and  the  bottom  line  is  the 
power  in  kilowatts  per  engine  for  all  secondary  power  less  the  electrical 
system  and  less  bleed  air.  Table  8  tabulates  the  horsepower  per  engine  for 
customer  bleed  air  in  each  of  the  same  applications  as  Table  9. 

The  results  from  Table  8  are  indicative  of  the  large  power  requirements 
necessary  to  replace  engine  customer  bleed  air  with  electric  power.  Although 
only  a  fraction  of  the  engine  bleed  limit  was  used  to  establish  equivalent 
electric  power  demands,  emergency  situations  (one  engine  out)  allow  bleed  air 
supply  up  to  the  specification  limit  per  engine.  However,  the  degree  to  which 
electric  power  is  required  to  replace  engine  bleed  air  on  military  aircraft 
remains  to  be  determined  and  should  be  investigated  with  an  airframe  manufacturer' 
support.  Table  10  summarizes  the  total  power  requirements  for  Level  III  for 
maximum  and  normal  conditions.  Engineering  judgement  was  used  to  establish  the 
actual  KVA  rating  for  the  all-electric  power  generation  system.  Peak  power 
requirement  and  duration,  as  in  the  case  of  the  one-engine-out  condition,  are 
two  of  those  considerations. 

The  selected  Power  Level  III  system  KVA  ratings  are  listed  in  Table  11. 

Power  Level  III  KVA  ratings  for  the  F404  and  F103  engines  are  too  large 
for  generator/engine  integration.  Therefore,  a  fourth  power  level  (IIIA)  was 
introduced  to  complement  the  study.  It  is  defined  in  the  following  paragraph. 

b.  Power  Level  IIIA 

Power  Level  IIIA  is  the  same  as  Power  Level  III  except  that  customer  bleed 
air  is  provided  by  the  engine  compressor. 

The  required  Power  Level  IIIA  KVA  system  rating  can  be  directly  extracted 
from  Table  10.  The  selected  Power  Level  IIIA  system  KVA  ratings  are  shown  in 
Tab  i  12. 


TABLE  9 

SECONDARY  POWER  REQUIREMENTS  OTHER  THAN  BLEED  AIR 


TOTAL  LEVEL  III  POWER  REQUIREMENT  FOR  MAXIMUM  AND  TYPICAL  CONDITIONS 


TABLE  11 


LEVEL  III  KVA  RATING  SELECTION 


Engine 

TF34 

P103 

F404 


KVA 

120 

1200 

800 


TABLE  12 

LEVEL  IIIA  KVA  RATING  SELECTION 


Engine 

KVA 

T734 

60/75 

F103 

300 

F404 

200 
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SECTION  V 

PARAMETRIC  DESIGN  STUDIES  OP  INTEGRATED  ENGINE  STARTER/GENERATORS 


The  objective  of  this  study  has  been  to  Investigate  the  feasibility  of 
integrating  permanent  magnet  excited  synchronous  machines  into  jet  engines  to 
serve  as  electrical  power  generators  as  well  as  engine  starter  motors.  Tradeoff 
design  studies  fcr  the  electrical  machines  have  been  performed  to  establish  the 
optimum  machine  geometries  and  dimensions  for  these  applications.  Section  A  will 
describe  the  boundary  conditions  for  the  design  studies.  Sections  B  and  C  will 
discuss  the  two  design  concepts  studied  for  this  project.  Finally,  Section  D 
will  present  general  conclusions. 

a.  BASIC  CONSIDERATIONS  AND  GUIDELINES 


•  i 

I  f-. 

tor- 

■ 
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Designing  an  electrical  machine  for  an  aircraft  engine  integration  application 
differs  from  typical  electrical  machine  design  primarily  because  of  the  additional 
restrictions  imposed  by  the  engine  environment.  The  basic  design  boundary 
conditions  fall  into  three  groups: 

1.  Design  constraints  determined  by  the  engine  environment. 

2.  Design  constraints  set  by  the  electrical  system. 

3.  Machine  inherent  design  constraints. 

1.  Design  Constraints  Determined  by  the  Engine  Environment 

Integration  of  the  electrical  machine  into  an  engine  implies  the  mounting 
of  the  electrical  machine  onto  one  of  the  engine  shafts  in  a  suitable  location. 

If  the  engine  is  to  be  started  by  the  electrical  machine,  the  electrical  machine 
should  be  mounted  on  the  high-speed  compressor  shaft.  Since  this  shaft  generally 
has  a  higher  base  speed  and  a  smaller  speed  range  than  the  fan  shaft,  the  coupling 
of  the  electrical  machine  to  it  is  more  advantageous  from  a  machine  design  point 
of  view.  Table  13  provides  engine  interface  data  on  the  compressor  shaft  for  each 
of  the  three  engines.  A  high  base  speed  results  In  a  smaller  machine  for  a  given 
power  level,  and  a  smaller  speed  range  reduces  the  mechanical  design  problems. 

all  generators/starters  are  mounted  on  the  high-speed-compressor  shaft. 

station  requires  that  a  generator  be  designed  with  a  shaft  dlaaeeer  larger 
is  generally  chosen.  This  limits  the  possible  geometry  variations,  especially 
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TABLE  13 


DESIGN  REQUIREMENTS  ENGINE  INTERFACE  DATA 


(Engine  Ground  Start  Data) 


Engine 

mmm 

F103  (CF6) 

TF34 

Ignition  Speed  Start 

1680 

1000 

3188 

(St'd  Day  S.L.)  Termination 

7560 

6340 

10,000 

Ground  Idle  Speed  St'd  Day  S.L. 

10.500 

6340 

11.300 

Core  -  rpa  Min.  idle 

(-)  65°F  S.L. 

8715 

5262 

9380 

100Z  Operating  Speed 

Core  -  rpm  (St'd  Day  S.L.) 

16,810 

. 

9827 

17,600 

Generator  Over speed 
(122Z  Core  Speed),  rpm 

20,508 

11,990 

21,472 

Max  Start  Time  to  Idle 
(St'd  Day  S.L.)  (sec.) 

35-40 

Typical 

35-38 

30 

Mass  Moment  of  Inertia 

HP  -  rotor  (lb  -  ft2) 

80.5 

660 

40.3 

Direction  of  Rotation 
of  HP  -  Rotor  Looking  Fvd. 

CW 

CW 

CW 

100Z  Operating  Speed 

Fan  rpm  (St'd  Day  S.L.) 

IB 

Fan  rpm  at  St'd  Dav  S.L. 

800 

Ground  Idle  -65°F  S.L. 

700 

Minimum  Shaft  Diameter  (in.) 

(Depending  Upon  Selected 

Location) 

2.95 

4.20 

3.70 

3.10 

in  connection  with  the  maximum  rotor  diameter , limitat^  3  due  to  mechanical 
stresses.  The  overspeed  requirements,  which  are  larger  than  usual  for  high¬ 
speed  machines  (122  percent  versus  110  to  115  percent  of  the  maximum  operating 
speed),  add  additional  design  constraints  to  the  rotor  design. 

The  generator  location  at  the  front  end  of  the  high  pressure  3haft  of  the 
engine  provides  a  moderate  temperature  environment.  The  environmental  condition 
will  influence  the  design  of  the  machine  to  some  degree.  However,  the  most 
severe  effects  of  environmental  temperature  occur  in  the  nonoperative  mode  of  the 
engine  during  the  time  after  shutdown  when  temperature  soakback  may  result  in 
unacceptable  magnet  temperatures.  This  effect  may  influence  the  IEG/S  location 
selection  within  the  engine. 

Relative  axial  movement  between  engine  shaft  and  frame  due  to  thermal 
expansion  has  to  be  considered,  along  with  shaft  runout,  when  determining 
electrical  machine  air-gap  length,  clearances,  and  operating  characteristics. 

The  effects,  of  this  movement  are  more  significant  for  the  disk-type  PM  machine 
than  for  the  cylindrical  machine. 

The  safety  and  maintenance  requirements  for  the  engine  influence  the  machine 
design  significantly.  The  need  for  high  MTBF  and  high  reliability  significantly 
reduces  the  current  densities  for  the  machine  windings  and  demands  a  heavier 
insulation  system.  Additional  safety  devices  such  as  rotor  disconnects  and/or 
electrical  fuses  are  mandatory  in  this  application  to  limit  fault  current  effects 
in  the  PM  machine. 

2 .  Electrical  System  Design  Constraints 

The  generator  is  connected  to  a  solid-state  power  converter  which  fulfills 
two  functions:  (1)  it  converts  the  frequency  from  the  variable  generator 
frequency  to  the  constant  400  Hz  electrical  systems  frequency,  and  (2)  it 
regulates  the  voltage  to  match  the  unregulated  generator  voltage  to  the  constant 
system  voltage.  This  power  conditioning  is  achieved  by  a  direct  frequency 
converter  which  is  a  cycloconverter.  The  cycloconverter  imposes  its  special 
interface  operating  conditions  on  the  electrical  machine  design.  Table  14  lists 
typical  electrical  operating  conditions  at  the  generator  terminals  as  a  function 
of  the  system  loads  for  a  nine-phase  cycloconverter  system.  The  magnetic  design 
of  the  generator  has  to  meet  the  voltage,  current,  and  power  factor  conditions 
as  listed  for  the  fundamental,  while  the  thermal  design  has  to  accommodate  the 
slightly  high  RMS  current  values.  Sample  designs  have  established  that  the 
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TABLE  14 

ELECTRICAL  REQUIREMENTS  AT  INTERFACE 
9  PHASES 


SYSTEM 


ps 

im i 

PF 

^min 

(V) 

If’ 

(A/KVA) 

V 

amki 

0.33 

P*f’ 

DF 

Duty 

0 

155 

or” 

0T47 

0 

Cont . 

1.0 

0.75 

155 

0.79 

0.86 

1.10 

0.71 

Cont . 

1.0 

0.95 

155 

0.92 

0.99 

1.28 

0.77 

Cont . 

1.5 

0.75 

155 

1.26 

1.36 

1.75 

0.68 

5  Min 

1.5 

0.95 

155 

1.38 

1.49 

1.92 

0.77 

5  Min 

2.0 

0.75 

145 

1.74 

1.88 

2.27 

0.69 

5  Sec 

2.0 

0.95 

145 

1.86 

2.01 

2.43 

0.80 

5  Sec 

P,  “  System  Racing 

P7  -  Systea  Power  Vector 

°aln  "  Minimum  Lina-to-Neutral  Generat6r  Voltage 

If  -  Fundamental  Current  Par  Fhaee  lf  "  P0  *  l^1 

Ih  •  Heating  or  Current  Per  Phaae  Ij,  •  Pt  •  If, ’ 
P^  •  Fundamental  Power  P«f  •  Pmf*  *  ?» 

DF  -  Generator  Power  or  Displacement  Factor 


electromagnetic  design  point  for  the  cylindrical  air-gap  PM  machine  should  be  the 
2  per  unit  overload  point  with  the  lower  machine  displacement  factor.  The  electro¬ 
magnetic  design  point  for  the  disk-type  PM  machine  was  found  to  be  the  1.5  per 
unit  overload  point  with  the  larger  current  value. 

In  addition,  since  the  machine  has  to  provide  the  confutation  power  for  the 
cycloconverter,  a  maximum  allowable  commutation  inductance  1»  specified  for  the 
generator.  Since  both  of  the  PM  machine  types  considered  will  have  no  anortisseur 
windings,  the  basic  machine  design  must  have  a  low  synchronous  reactance  level. 

The  radial  gap  (cylindrical)  PM  machine  could  be  equipped  with  a  special  damper 
winding,  but  this  consideration  has  been  discarded  because  of  its  degrading  effect 
on  rotor  reliability. 

PM  generators  lack  any  voltage  control.  The  cycloconverter  will  provide 
for  that  function.  However,  the  natural  voltage  regulator  is  to  be  kept  low  in 
order  to  stay  within  the  peak  voltage  limits  of  the  SCR’s  in  the  cycloconverter. 

Any  cycloconverter  operation  requires  certain  relationships  between  input  and 
output  frequency,  depending  upon  the  flow  of  the  commutating  power.  In  order  to 
reduce  the  filter  requirements  in  the  converter  to  an  acceptable  level  the 
generator  minimum  frequency  should  be  approximately  three  times  the  output 
frequency.  A  general  low  frequency  limit  for  the  generators  has  been  set  at 
1100  Hz  for  a  400  Hz  system  output  frequency.  A  limit  of  1200  Hz  or  higher  at 
the  minimum  generator  operation  speed  is  more  desirable.  This  frequency  require¬ 
ment,  together  with  the  minimum  high-pressure  shaft  idle  speed  of  the  engines 
considered,  determines  the  minimum  number  of  pole  pairs  for  the  electrical 
machines. 

3.  PM  Machine  Inherent  Design  Constraints 

Permanent  magnet  machines  derive  their  magnetization  power  from  perma¬ 
nent  magnets.  The  total  magnetization  power  is  fixed  with  the  design  and  cannot 
be  altered  for  the  finished  machine.  This  locked-in  magnetization  power 
requires  that  the  machine  designer  predict  the  load  operating  conditions  more 
accurately  than  would  be  necessary  for  conventional  machines. 

A  PM  machine  rotor  also  requires  that  only  nonmagnetic  materials  be  used 
outside  the  magnetic  flux  path  in  the  rotor.  In  particular  this  means  that  the 
shaft  supporting  the  rotor  should  be  made  from  nonmagnetic  steel.  The  low-speed 
fan  shaft  rotating  inside  the  high  pressure  shaft  does  not  need  to  be  nonmagnetic, 
provided  that  the  distance  between  fan  shaft  and  magnet  ia  larger  than  the 
centerline  distance  between  the  magnets.  . 
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The  structural  and  electromagnetic  characteristics  of  the  materials 

selected  for  an  electrical  machine  design  have  a  significant  influence  on  the 

machine  performance,  size,  and  weight.  In  recognition  of  the  low  weight 

requirements  for  aircraft  applications,  high  performance  materials  have  been 

selected.  The  magnetic  stator  laminations  are  made  from  6  mil  Permendur  sheets. 

2 

Permendur  features  a  saturation  flux  density  of  140  KL/in.  and  allows  stator 

2 

tooth  and  stator  yoke  flux  densities  of  130  KL/in.  at  the  design  point.  All 
radial  gap  machines  designed  for  this  study  use  the  same  maximum  flux  density 
levels. 

The  permanent  magnets  selected  (rare  earth  magnets)  are  of  the  SraCo,. 
type.  The  maximum  energy  level  of  these  magnets  is  continually  being  upgraded 
due  to  improvements  in  processing  techniques  and  composition.  The  study  has 
considered  the  Influence  of  the  magnet  energy,  and  appropriate  results  will  be 
shown.  Unless  otherwise  stated,  however,  the  designs  will  be  carried  out  for 
magnets  with  a  20  megagauss-oersted  (WGOe)  energy  product  which  have  been 
stabilized  at  150*  C.  The  material  characteristics  for  this  state  have  been 
defined  as: 

2 

-  55.1  KL/in.  (remanence  flux  density) 

Ur  -  1.03,  (re-coil  permeability) 

These  values  are  used  throughout  the  tradeoff  studies.  The  rotor  construction 
for  both  machine  concepts  relies  on  retaining  rings  which  are  shrunk  onto  the 
magnet  structure  to  keep  it  in  compression  up  to  the  required  overspeed  level. 

The  materials  selected  for  these  retaining  rings  are  to  provide  a  stress 
capability  of  155,000  pal.  The  stress  analysis  utilized  for  the  shrink  rings 
in  the  tradeoff  studies  is  based  upon  the  thin  cylinder  theory  and  the  results 
are  not  very  promising.  In  view  of  the  fact  that  a  detailed  rotor  stress 
analysis  is  a  long,  complicated  process,  the  simplified  analysis  has  been  chosen. 
Experience  with  both  methods  on  a  previous  high-speed  rotor  design  has  shown  good 
correlation,  with  the  simplified  analysis  predicting  between  seven  and  ten  per¬ 
cent  higher  stresees. 

B.  RADIAL  CLEARANCE  (CTLIWDBICAL)  MACHINES 

The  construction  of  the  radial  clearance  machine  Is  In  principle  similar 
to  the  150  KVA  PM6-V8C7  system  developed  under  U.S.  Air  Force  Contract  No. 


F33615-74-C-2037 .  Figure  11  shows  the  cross-section  of  the  rotor  construction, 
the  design  key  is  the  bimetallic  shrink  ring,  which  keeps  the  magnet  and  pole 
piece  in  the  rotor  under  compression  through  the  design  overspeed.  This 
construction  requires  high  interference  fits  and  high  stresses  at  zero  speed 
and  only  slightly  higher  stress  levels  at  the  overspeed  condition.  This  small 
stress  variation  reduces  the  cyclic  fatigue  effects  dramatically.  Originally 
the  following  tradeoff  parameters  were  to  be  considered: 

-  magnetic  energy  level/volume 
machine  diameter 
machine  speed 

voltage  regulation/reactance  level 
frequency /poles 

The  results  of  the  initial  sensitivity  studies  are  described  and  discussed 

below. 

The  speed  range  is  fixed  for  any  given  engine  application.  To  Illustrate 
the  mechanical  design  limitations,  the  Influence  of  maximal  machine  rpm  on  the 
maximum  magnet  height  (radial  direction)  and  on  the  minimum  allowable  thickness 
of  the  containment  ring  has  been  established  for  a  given  maximum  rotor  radius 
of  4-1/2  inches,  a  maximum  containment  ring  stress  of  150,000  psl,  and  an  overspeed 
ratio  of  1.22.  Figure  12  shows  the  results  and  illustrates  that  at  higher 
maximum  operating  speeds  the  containment  ring  thickness  increases  very  rapidly. 

The  maximum  magnet  height  in  radial  direction,  which  la  proportional  to  the 
magnet  volume,  becomes  less  as  more  space  is  needed  for.  the  containment  structure. 
In  other  words,  a  nine-lnch-dlameter  rotor  becomes  impractical  at  maximum 
operating  speeds  above  17,000  rpm. 

The  above  curves  are  the  basis  for  the  curves  presented  In  Figure  13.  This 
figure  shows  the  total  machine  weight,  the  electromagnetics  weight,  and  the 
magnet  weight  as  functions  of  magnet  energy  level  in  percent  of  those  weights 
achieved  for  a  magnet  energy  level  of  21  MGOe.  These  calculations  were  made  for 
constant  operating  speed  and  power.  The  curves  express  that  an  increase  in 
magnet  energy  basically  reduces  magnet  weight  and  voltflM  necessary  for  a  given 
power  and  speed  point.  The  reduction  in  electromagnetics  weigh c  Is  principally 
due  to  the  reduction  in  magnet  weight  and  thus  rotor  weight .  The  weight  of  the 
stator  electromagnetics,  for  example,  remains  unchanged,  ss  does  tbs  totsl  weight, 
la  other  worde,  an  lncreeee  In  magnet  energy  lam  two  effects  on  ths  mschins  design: 


Shrink-Ring  Thickness,  Inch 


4.0 


0  10,000  90,000 
■i«l—  Operating  l|Md,  rpm 


Tignr*  12,  Shrink  Ring  Thleknaa#  and  Magnet  Haight  varan* 
Maximum  Operating  Speed  of  a  PM  Rotor. 
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Magnetic  Height,  Inch 


Percent 


FI  fra  re  13.  Machine  Weight  versus  Magnet  Energy  for  Cylindrical 
Machines. 
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1.  It  reduces  the  mechanical  containment  problems  in  the  rotor. 

2.  It  allows  an  increase  in  the  machine  operating  speed  and 
thus  a  reduction  in  total  machine  size  and  weight  by  means 
of  the  machine  operating  speed  increase. 

Figure  14  shows  similar  curves  for  a  particular  machine  design  (60  KVA 
system  for  TF34  application).  The  electromagnetic  weight,  the  commutating 
inductance,  and  the  magnet  height  in  radial  direction  are  shown  as  a  function 
of  magnet  energy.  Again,  the  effect  on  the  rotor  is  significant  since  a  lower 
magnet  height  allows  a  thinner  shrink  ring.  The  reactance  decreases  because  of 
the  change  in  magnet  cross-section  -  for  a  PM  machine  the  synchronous  reactance 
is  a  function  cf  both  the  air-gap  permeance  and  the  permeance  of  the  magnet 
space. 

The  curves  of  Figures  13  and  14  have  been  established  by  keeping  the  flux 
density  in  the  air  gap  constant  since  this  basically  leaves  the  rotor  unchanged. 
Figure  15  presents  the  machine  characteristics  s a  a  function  of  magnet  energy 
level  when  magnet  height  and  gap  flux  density  ate  held  constant.  The  figure 
illustrates  how  much  more  energy  density  can  be  achieved  in  the  machine  by 
magnets  with  improved  energy  level.  The  losses  shown  do  not  represent  the  actual 
losses  accurately  since  the  air-gap  flux  density  is  dependent  upon  pole  face 
losses,  which  have  been  considered  constant.  It  is  expected  that  the  total 
electromagnetic  losses  would  not  change  significantly  within  the  range  considered, 
even  with  the  pole  face  losses  represented  more  accurately. 

Generally,  high-speed  aircraft-type  generators  are  designed  for  extremely 
high  current  density  levels.  This  is  done  to  minimize  machine  size  and  weight. 

The  different  design  constraints  for  an  Integrated  generator  were  thought  to 
change  this  weight/current-density  relationship.  Results  of  tradeoff  studies 
performed  to  prove  this  are  presented  in  Figure  16.  A  current  density  increase 
of  61  percent  (from  23,700  A/in.  to  38,700  A/in.  )  results  in  a  height  savings 
of  6.4  percent  and  a  loss  Increase  of  20  percent.  In  this  application,  therefore, 
very  little  weight  and  volume  savings  is  accomplished.  The  weight  savings  is  not 
worth  the  decrease  in  efficiency  and  Insulation  life.  This  also  indicates  that  a 
current  density  reduction  for  Increased  insulation  life  and  MTBF  should  not 
represent  a  significant  penalty  in  machine  size. 

It  is  well  known  that  the  current  loading  of  an  electrical  machine  1 
significantly  influences  the  size  and  weight  of  title  machine.  The  current  loading 
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•  Commutating  Reactance  (Xc) 

•  Magnet  Height  (Hm) 


Flux  Density,  KL/io.2 


20  25  30 

Magnet  Energy  (MOOe) 


Figure  24.  Machine  Faraaeter*  of  *  Generator  for  a  60  KVA  VSCF  System  Versus 
Magnet  Energy  Lersl  for  Conatant  Cap  Flux  Density. 
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Electromagnetic  Weight  (EMW) 


•  Alrgap  Flux  Density  (Bmg) 
e  Commutating  Reactance  (Xc) 
e  Electrical  Losses  (Ptot) 


Electromagnetic  Weight  (EMW) 


Figure  16.  W  Generator  Characteristic*  Versus  Current  Density  for  60  KVA  VSCF 


Electromagnetic  Weight,  lb 


is  expressed  as  the  total  number  of  ampere  turns  divided  by  the  bore  circumference. 
Thus,  for  a  given  current  the  current  loading  is  in  direct  proportion  to  the 
number  cf  turns  per  phase.,  Results  of  tradeoff  studies  involving  a  change  in 
the  number  of  turns  are  presented  in  Figure  17,.  Without  any  amortisseur  windings 
the  change  in  turns  per  phase  will  directly  influence  the  commutating  reactance, 
as  shown.  As  the  figure  illustrates,  however,  the  increase  also  has  a  rather 
significant  effect  on  the  air-gap  flux  density  because  the  magnet  volume  is 
limited.  An  increase  in  turns  at  fixed  current  will  cause  an  increase  in  armature 
reactance  (AR).  The  magnetization  power  provided  in  the  magnet  has  to  compensate 
for  the  demagnetizing  effect  of  the  AR  and  provide  magnetization  for  the  magnetic 
flux  in  the  machine.  If  the  AR  is  increased,  more  of  the  total  magnetization 
power  of  the  magnets  is  required  to  compensate  for  the  AR  and  less  is  available 
to  generate  the  magnetic  flux.  This  will  obviously  result  in  a  lower  flux 
density  in  the  air  gap.  Thus,  an  increase  in  current  loading  reduces  the  magnetic 
flux  density  or  magnetic  loading.  In  the  range  considered  the  electromagnetic 
weight  still  decreases  as  the  number  of  turns  increases.  The  effect,  however, 
is  relatively  small:,  electromagnetics  weight  reduction  is  only  8,  petcent  for 
a  20  percent  increase  in  current  loading.  Therefore  it  is  concluded  that  a 
further  increase  in  turns  (and  current  loading)  in  order  to  reduce  size  and 
weight  is  not  practical.  A  size  and  weight  reduction  can  only  be  acnieved  by 
adding  an  external  amortisseur  circuit  to  the  rotor  as  described  in  the  proposal. 
This  is  necessary  to  maintain  the  low  commutating  reactance  required  for  the  con¬ 
verter  operation.  It  was  felt  that  the  added  complexity  of  any  amortisseur  circuit 
is  not  worth  the^ reduction  in  machine  weight  since  the  power  losses  also  increase 
with  the  increase  in  turns  per  phase.  Moreover,  the  reliability  of  the  machine 
would  be  decreased. 

Tradeoff  studies  of  the  influence  of  the  number  of  poles  (»  frequency)  are 
limited  by  two  boundary  conditions:  (1)  the  minimum  frequency  requirement  for 
the  converter  operation,  and  (2)  the  iron  losses  at  high  frequencies.  The  first 
condition  requires  a  minimum  frequency  of  1100  Hz  and  the  second  condition  limits 
the  maximum  frequency  to  approximately  3000  Hz.  For  the  TF34  engine  application 
the  minimum  idle  speed  of  8715  rpm  will  require  a  minimum  of  eight  pole  pairs 
for  1168  Hz;  seven  pole  pairs  is  baraly  acceptable.  Nine  pole  pairs  will  yield 
a  frequency  of  2522  Hz  at  100  percent  speed  (3076  Hz  at  122  percent  speed).  Thus 
only  3-pole-pair  numbers  are  available  for  tradeoff  studies.  These  tradeoff 
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studies  were  performed  for  the  conditions  of  magnetic  and  nonmagnetic  shaft 
material.  The  main  results  are  reported  in  Table  IS. 

Trends  evidenced  from  the  study  are  as  follows: 

1.  A  seven-pole-pair  machine  with  a  magnetic  shaft  is  not  practical 
for  this  application. 

2.  Machines  with  magnetic  shaft  materials  are  larger  and  heavier 
than  if  they  used  nonmagnetic  shaft  materials. 

3.  Total  machine  volume  and  weight  decrease  slightly  with  increasing 
numbers  of  pole  pairs;  for  the  same  rotor  diameter  the  stack 
length  over  end  turns  decreases. 

4.  The  losses  show  on  the  average  an  increase  for  higher  numbers 
of  pole  pairs 

The  machines  discussed  above  all  have  in  common  the  minimum  rotor  inside 
diameter  of  3.125  inches.  In  this  case,  however,  the  rotor  geometry  was  quite 
restricted  and  smaller  machines  could  be  obtained  by  increasing  the  rotor  inside 
diameter.  Consequently,  the  rotor  inside  diameter  was  increased  to  3.63  inches 
for  this  application.  In  addition  the  rotor  outside  diameter  was  allowed  to 
vary,  the  additional  space  being  taken  up  by  a  larger  magnet  and  shrink  ring. 
Thus,  increasing  the  rotor  diameter  allows  a  magnet  volume  Increase.  Figure  18 
shows  the  relationship  between  magnet  height  and  rotii*  diameter  for  a  maximum 
rotor  shrink  ring  stress  of  150,000  psi  at  21,470  rpm  (overspeed  of  TF34  engine) 
Using  the  rotor  geometries  defined  in  Figure  18,  t;he  effect  of  a  change  in  rotor 
outside  diameter  was  studied  for  the  three  suggested  numbers  of  pole  pairs  for  a 
60  5CVA  generator  for, the  TF34  application.  The  results  were  obtained  for 
machine  designs  which  met  the  necessary  commutating  reactance  limits.  This  also 
meant  that  actual,  realistic  winding  configurations  had  tc  be  chosen.  This 
allowed  a  change  in  the  number  of  turns  for  the  larger-diameter,  3even-pole-pair 
machine . 

Figures  19,  20,  and  21  show  the  results  for  the  seven-,  eight-,  and 
nine-pole-pair  machines.  The  trends  are  clear:  as  the  rotor  radius  increases, 
the  machine  length  comes  down  while  the  magnet  height*  outer  machine  diameter, 
and  weight  Increase.  These  curves  allow  tradeoff  studies  of  the  added  engine 
weight  for  a  decrease  in  generator  length  versua  the  reduction  in  generator 
weight  for  an  Increase  in  length. 


TABLE  15 


RESULTS  FOR  SELECTED  MACHINES  FOR  THE  TF34  APPLICATION 


Rating  »  60  KVA  Base  Speed  *  11,400  rpra 


Shaft  Material 

Magnetic 

Yes 

Yes 

No 

No 

No 

Number  of  Pole  Pairs 

P 

- 

8 

9 

7 

8 

9 

Base  Frequency 

F 

(Hz) 

1520 

1710 

1330 

1520 

1710 

Number  of  Phases 

- 

6 

9 

6 

6 

9 

Magnet  Height 

Hm 

(in.) 

0.803 

0.800 

1.22 

1.170 

1.190 

Shrink  Ring  Thickness 

THr 

(in.) 

0.331 

0.245 

0.445 

0.450 

0.450 

Commutating  Reactance 

Xc 

(0) 

0.183 

0.287 

0.188 

0.180 

6.281 

Stack  Length 

Hi 

(in.) 

3.58 

2.95 

2.60 

2.590 

2.02 

Length  Over  End  Turns 

OL 

(in.) 

4.77 

3.89 

3.97 

4.20 

3.50 

Maximum  Diameter 

OD 

(in.) 

8.72 

7.92 

9.00 

8.94 

8.97 

Rotor  Diameter 

OR 

(in.) 

7.428 

6.690 

7.620 

7.620 

7.620 

Rotor  Inside  Disaster 

IR 

(in.) 

3.125 

3.125 

3.125 

3.125 

3.125 

Rotor  Height 

HR 

(lb) 

27 

18 

25 

25 

20 

Total  Height 

WT 

(lb) 

42 

31 

40 

33 

27 

Electrical  Losses 
(at  Overload) 

PT 

(kH) 

7.9 

8.2 

6.9 

6.9 

7.6 

Air-Cap  Flux  Density 

Bag 

(KL/in.2)  43 

44 

52 

52 

52 

Figure  18 .  FM  Rotor  Dimensions  Versus  Magnet  Height  (H»)  tor  an  Inner  Radius  ior  the 
Magnets  ©t  Hi*  »  1.815  Inches. 


Figure  21.  Machine  Characteristics  Versus  Rotor  Radius  for  PM  Machine,  for 
TF34  Application  60  KVA.  6  Pole  Pairs,  9  Phases,  Nonaagnetlc 


In  addition  to  the  tradeoff  studies,  which  were  undertaken  to  learn  more 
about  parameter  sensitivities,  an  attempt  has  been  made  to  better  define  the 
eddy  current  losses  in  the  solid  pole  faces. 

Electrical  losses  in  the,  surfaces  of  solid  rotors  of  synchronous  machines 
are  always  caused  by  magnetic-field  components  in  the  air  gap  of  these  machines 
which  rotate  with  speeds  that  differ  from  the  rotor's.  These  magnetic-field 
components,  which  can  have  the  same  pitch  as  the  fundamental,  are  classed  as  time 
harmonics  and  space  harmonics.  The  time  harmonics  are  caused  by  harmonics  in  the 
applied  voltages  and  currents,  which  are  introduced  by  the  load  or  power  supply 
to  which  the  machine  is  connected.  The  space  harmonics  are  caused  by  the 
presence  of  slots  in  the  stator  of  the  macht.ne  and  also  by  the  concentrated 
distribution  of  the  armature  currents  in  the  stator  slots.  Each  harmonic  air-gap 
field  component  can  be  caused  by  one,  two,  or  all  three  of  the  above.  That  means 
one  has  to  investigate  all  three  sources  for  possible  contributions  to  the  field 
component  under  investigation. 

Time  harmonics,  winding  distribution,  and  slotting  harmonic  fields  were 
Investigated.  The  magnetic  flux  density  waves  in  the  air  gap  due  to  time 
harmonics  caused  by  the  switching  In  the  converter  are  difficult  to  establish: 
they  continually  vary  because  of  the  changes  in  load  conditions  and  the  beat 
frequency  between  input  and  output  frequency.  An , approximation  of  the  time 
harmonic  amplitudes  in  relation  to  the  fundamental  can  be  obtained  from  the 
ratio  of  RMS  current  to  fundamental  current.  A  sample  calculation  has  shown 
that  the  flux  density  waves  in  the  air  gap  due  to  time  harmonics  currents  are 
very  small  (<100  gauss)  and  thus  cause  relatively  low  losses. 

The  winding  distribution  harmonics  were  also  found  to  generate  magnetic 
field  waves  of  no  more  than  200-gauss  amplitudes.  Again  loss  contributions 
turned  opt  to  be  rather  low.  These  calculations  were  done  for  the  various  60 
KVA  machines  for  the  TF34  application.  Relatively  low  amplitudes  for  magnetic 
fields  caused  by  either  current  (time)  harmonics  or  winding  distribution  are  to 
be  expected  for  machines  with  low  armature  reaction,  which  la  identical  to  low 
synchronous  reactance.  Since  these  machines  have  been  designed  for  a  small 
coamutatlng  reactance  without  the  benefit  of  amortlsseur  windings,  the 
synchronous  reactance  had  to  be  made  small.  (Xd  is  generally  below  0.4  per  unit 
for  these  machines.) 


The  analysis  of  the  slotting  harmonics  shows  rather  significant  flux 
density  amplitudes  for  all  three  machines  (seven,  eight,  and  nine  pole  pairs).  Table 
16  shows  tne  amplitudes  for  the  first  three  pairs  of  slot  harmonics.  Table  17 
shows  the  losses  in  the  rotor  surface  for  the  first  pair  of  slot  harmonics. 

These  losses  were  calculated  for  a  uniform  rotor  material  using  the  theory 
for  solid-rotor  induction  motors  with  magnetic  rotor  material.  In  the  actual 
rotor  surface  we  have  two  distinctly  different  types  of  material  present: 
magnetic  and  nonmagnetic.  An  actual  analysis  for  that  combination  is  not 
available.  An  inspection  of  the  formulas  used  suggests  the  following:  In  the 
nonmagnetic  zones  the  depth  of  radial  current  penetration  in  the  material  is 
larger  than  for  the  magnetic  zones.  The  assumption  of  radially  constant  flux 
densities  is  not  valid  anymore,  and  the  amplitudes  of  the  harmonics  will  be 
significantly  reduced.  For  lack  of  better  information  it  is  assumed  that  the  two 
effects  cancel  each  other.  This  seems  justified,  because  the  loss  levels  calculated 
relate  well  to  those  experienced  in  no-load  tests  of  a  permanent  magnet  generator 
built  for  a  150  KVA  VSCF  system. 

The  basic  difference  for  the  three  machines  considered  is  in  the  actual 
frequencies  as  determined  by  the  number  of  slots  and  the  fundamental  frequency. 
Higher  frequencies  are  better  damped  for  the  set  of  material  characteristics  and 
thus  cause  smaller  losses.  In  addition  the  eight-pole-pair  machine  has  a  larger 
ratio  of  slot  opening  to  air  gap,  resulting  in  larger  flux  density  amplitudes. 

The  basic  conclusion  that  can  be  drawn  from  these  loss  calculations  is  that 
slotting  harmonics  are  the  main  cause  of  the  losses  in  the  rotor  surface.  High 
numbers  of  slots  and  poles  seem  to  result  in  somewhat  lover  losses  because  of 
better  damping.  Open  slots  or  large  slot-opening-to-air-gap-length  ratios  result 
in  Increased  losses.  The  limit  la  slot  opening  Is  basically  determined  by 
manufacturing  considerations. 

One  can  briefly  summarize  the  results  of  this  part  of  the  studies  as 
follows.  The  general  tradeoff  studies  have  shown  the  significance  of  rotor 
optimization  with  respect  to  Its  two  main  functions:  (1)  "production"  of  magnetic 
fields,  and  (2)  mechanical  containment  of  the  magnetic  structure.  This  Is 
expressed  in  magnet  energy  level,  magnet  volume,  and  shrink  ring  (retaining  ring) 
thickness.  However,  it  has  also  been  shown  that  once  the  electromagnetic  loading 
in  the  air  gap  has  reached  the  limit  established  by  the  stator  materials  and 


TABLE  16 

amplitudes  op  slot  harmonics 


Flux 

Density 

Harmonic 

Seven 

Pole  Pairs 

Amplitude, 

Bight 

Pole  Pairs 

kilogausa 

Nine 

Pole  Pairs 

B11 

2.467 

3.083 

2.467 

B13 

2.467 

3.083 

2.467 

,B23 

0.221 

0.315 

0.221 

B25 

0.221 

0.315 

0.221 

B35 

0.169 

0.338 

0.169 

B37 

0.169 

0.338 

0.169 

TABLE  17 

CALCULATED  losses  due  to  the  first  pair  of  slot 


HARMONICS 


Slot  Harmonic  v 

Losses  at  11,400  rpm 
per  an  length,  W/cm » 

Loss  Density  at 
11,400  rpm,  W/in.2 

Total  Losses  at 
11,  00  rpm ,  W 

Total  Losses  at 
11,600  rpm,  w 


Seven 

Pole  Pairs 
II  13 

18.3  25.8 
4.68 

292 

556 


Bight 

Pole  Pairs 
8  10 

29.5  46.7 
8.09 

5  00 

925 


Nine 

Pole  Pairs 
11  13 

16.2  22.9 
4.15 

200  . 
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thermal  characteristics  a  further  increase  will  simplify  the  rotor  design  but 
not  influence  the  total  machine  size.  Current  density  increases  do  little  to 
reduce  the  machine  size.  For  improved  reliability  the  current  density  levr : 
should  be  kept  lower  than  is  generally  done  for  aircraft-type  generators. 

Voltage  regulation  difficulties,  connotating  reactance  requite- .ents,  the 
large  magnetic  volume  required  to  compensate  for  armature  reaev  and  the 
complexity  and  reliability  concern  of  an  amortisseur  circuit  lead  to  the 
conclusion  to  eliminate  the  amortisseur  winding  from  consideration.  Any  size 
and  weight  benefits  appear  to  be  marginal  for  machines  to  be  integrated  into 
engines  compared  to  the  sacrifice  in  reliability  in  a  very  critical  location. 

The  electrical  rotor  surface  losses  for  PM  machines  with  a  low  reactance 
level  have  their  main  origin  in  the  stator  slotting  harmonics.  Special  attention 
is  to  be  given  to  the  slot  opening  design  to  minimize  these  losses. 

C.  DISK-TYPE  MACHINES 

The  most  likely  alternate  PM  machine  for  the  integration  application  is  the 
disk  or  axial-gap  machine.  This  concept,  which  is  relatively  new  in  power  generation 
machinery,  is  presented  in  Figure  22.  The  winding  disk  is  mounted  to  the  stator 
structure;  it  is  manufactured  from  copper  windings  which  are  reinforced  with 
fiberglass  and  impregnated  with  epoxy  resin.  Coolant  channels  and  additional 
support  structure  would  be  embedded,  if  the  application  demands  such  devices, 
within  the  copper  winding.  The  winding  disk  is  faced  on  both  sides  with  rotating 
magnet  disks.  The  polarity  of  magnets  alternates,  as  shown  in  the  lower  right 
of  Figure  22.  The  magnets  are  backed  by  magnetic  steel  plates  and  supported 
on  the  inside  and  outside  by  nonmagnetic  support  bands.  The  magnetic  back  plates 
can  be  made  relatively  thin  because  pf  the  lower  operating  flux  density  levels 
in  the  magnets  and  the  high  flux  density  capabilities  of  the  magnetic  steel. 

If  it  is  required  to  multiply  the  output  power,  two  or  more  of  these  disk 
machines  can  be  stacked  one  behind  the  other;  the  number  of  disks  that  can  be 
stacked  depends  upon  the  engine  configuration  and  the  associated  payoff. 

The  disk  machine  concept,  in  which  basically  the  soft  magnetic  iron  has 
been  replaced  by  permanent  magnets,  permits  size  and  weight  savings  over  certain 
other  electrical  machine  concepts  because  the  ratio  of  active  volume  to  passive 
machine  volume  has  been  significantly  Improved,  This  concept  also  has  the 
potential  for  very  low  losses,  since  the  only  electromagnetic  losses  present  are 
the  losses  in  the  rotor  windings. 


Pig wrm  22.  Dlafc-Tppe  PM  Alternator  (Croaa  Section) . 
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In  addition  to  the  potential  weight  savings  for  general  machine  applications, 
there  are  other,  indirect  advantages  to  the  axial-gap,  disk-type  machine.  The 
rotor  manufacturing  techniques,  close  tolerances,  and  level  of  quality  control 
are  similar  in  both  cases  but  the  retaining  ring  for  the  disk  PM  is  made  from  a 
single  nonmagnetic  material  rather  than  fabricated  from  two  dissimilar  metals  as 
required  for  the  radial-gap  (conventional)  machine. 

Also,  the  effects  of  misalignment  of  the  axial-gap-type  machine  are 
significantly  different  from  what  they  are  on  the  conventional  machine.  Since 
there  is  no  iron  in  the  stator  of  the  disk,  any  misalignment  or  eccentricity  will 
not  cause  unwanted  magnetic  forces  or  additional  losses.  Radial  clearances  in 
the  range  of  0.10  to  0.20  inch  and  eccentricities  up  to  0.050  inch  can  be 
tolerated.  For  mechanical  (rubbing)  reasons,  axial  clearances  are  more  critical, 
than  for  the  cylindrical  PM  machine.  The  magnetic  influence  of  axial  misalignment 
is  insignificant.  Thus,  for  the  axial  PM  alternator  the  assembly  tolerances  are 
significantly  less  critical  than  they  are  for  a  conventional  PM  machine. 

Due  to  the  radical  change  of  this  type  of  machine  from  the  conventional 
radial-gap-type  machine,  it  is  expected  that  a  considerable  amount  of  development 
will  be  necessary  before  an  axial-gap,  disk-type  machine  can  be  realized.  But 
because  of  its  potential  advantages  it  has  been  Included  in  the  studies.  A  cross 
section  showing  the  mechanical  design  features  of  a  disk-type  IEG/S  PM  machine 
is  shown  in  Figure  23. 

Except  for  the  magnet  axis  and  the  pole  pieces,  the  mechanical  design  of 
the  rotor  is  similar  to  that  of  the  cylindrical  machine.  For  example,  a  shrink 
ring  holds  the  magnet  assembly  (magnets  and  nonmagnetic  spacers)  under  compression 
up  to  the  maximum  oversp&ed  condition.  The  manufacturing  of  this  shrink  ring, 
however,  is  simplified  since  it  is  made  from  a  single,  high-strength,  nonmagnetic 
material.  The  relationships  between  radial  magnet  dimensions,  rotor  diameter, 
and  shrink  ring  thickness  (radial)  are  similar  to  those  established  for  the 
cylindrical  machine.  This  is  obvious  from  Figure  24,  in  which  is  shown  the 
dependence  of  the  shrink  ring  radial  thickness  on  the  outer  magnet  radius  and  on 
the  materials  selected  for  spacers  and  shrink  ring.  Since  the  inner  magnet  is 
fixed,  these  curves  also  show  the  dependence  of  the  ring  thickness  versus  radial 
magnet  height.  Geometrically,  the  optimum  machine  utilization  occurs  when  the 
ratio  of  magnet  outside  radius  to  Inside  radius  is  V~T.  However,  at  the  speeds 
considered  (T734  application)  chi*  rotor  radius  ratio  is  not  practical:  a 
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reduction  of  the  inner  magnet  radius  is  hindered  by  the  inner  end-turn 
configuration  and  the  shaft  diameter. 

The  radial  dimensions  have  not  been  considered  as  sensitivity  study 
parameters  because  (1)  the  magnet  inside  diameter  ia  fixed  due  to  shaft,  diameter, 
and  (2)  the  outside  diameter  is  optimized  when  the  diameter  ratio  (r  /r^)  *  '^”3. 

The  results  of  current  loading  tradeoff  studies  are  shown  in  Figures  25  and 
26.  The  axial  magnet  thickness  is  generally  chosen  so  as  to  obtain  a  magnet 
operating  point  cJ ose  to  the  maximum  energy  point.  This  will  result  in  machines 
close  to  the  minimum  volume,  since  the  magnet  length  is  a  direct  input  to  the 
total  volume  equation.  However,  some  tradeoff  studies  have  been  perfo.med  to 
study  the  trends. 

For  Figure  25  the  following  parameters  were  considered  to  be  constant: 


Constant  Parameters 
Permanent  Magnet  Magnetization 
Permanent  Magnet  Pole  Arc 
Axial  Gap  (Magnet-Armature) 

Armature  Current  Density  (Copper) 

Armature  Winding  Space  Factor 
Overall  Outer  Diameter 
Minimum  Inner  Diameter 
Operating  Speed 
Generator  Output 
Power  Factor 


0.85  Wb/Eq.M. 

60  Electrical  Degrees 
0.1  inch 
15,000  amp/in.^ 

0.5 

9.05  inches 
3.25  inches 
11,400  rpm 
100  KVA 
0.75  Leading 


The  armature  current  loading  is  defined  is  follows: 

Armature  Current  Loading  (amp/in.)  *  Current  Density  x  Space  Factor  x 
Armature  Axial  Thickness.  The  independent  variable  is  the  armature  current 
loading,  and  the  dependent  variables  are:  number  of  disks,  synchronous 
reactance  per  unit,  and  active  length.  The  magnet  axial  thickness  was  chosen 
at  0.8  inch  for  these  curves.  Two  sets  of  curves  are  shown,  one  for  16  poles 
and  the  other  for  12  poles. 

These  curves  define  the  size  of  the  machine  through  the  active  length, 
since  the  outside  diameter  is  constant.  The  synchronous  reactance  is  considered 
to  be  a  sensitive  parameter  in  this  application,  since  one  operational  require¬ 
ment  is  a  low  commutating  reactance.  The, commutating  reactance  in  a  conventional 
synchronous  generator  is  approximately  the  negative  sequence  reactance  *  which. 
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for  practical  purposes,  is  the  subtransient  reactance.  In  the  disk  machine 
there  is  only  one  reactance,  since  the  electrical  resistivity  of  the  magnets  is 
so  high  that  pole  face  currents  are  negligible.  An  amortisseur  winding  could  be 
added  in  the  form  of  copper  disks  on  the  pole  faces..  Previous  experience  with  air- 
gap  stator  windings  (such  as  the  ones  used  here)  shows  that  if  such  a  winding 
were  added,  the  subtransient  reactance  would  be  approximately  one-third  the 
synchronous  reactance.  A  commutating  reactance  of  less  than  0.1  per  unit  is 
desirable  and  would  imply  an  upper  limit  of  about  0.3  per  unit  on  the  synchronous 
react  te. 

.  oortisseur  disks  would  introduce  a  complication  into  the  design,  and 
the  curves  in  Figure  25  show  that  it  is  possible  to  achieve  a  synchronous  reactance 
of  less  than  0.1  per  unit  without  extreme  penalty,  especially  with  the  16-pole 
design. 

The  armature  losses  over  the  range  of  parameters  explored  amount  to 
approximately  five  percent.  It  becomes  apparent  that  the  efficiency  of  the 
machine  will  not  be  limiting.  However,  In  this  configuration,  extraction  of  the 
losses  must  be  accomplished  at  the  outer  periphery  of  the  stator  disks.  This 
heat  removal  capability  may  put  a  limit  on  the  loss  per  disk.  This  will  be 
discussed  shortly. 

Similar  results  are  obtained  for  a  smaller  machine  rating  as  applicable 
to  the  TF34  application.  The  dimensional  limitations  for  this  design  are  listed 
in  Table  18.  The  results  in  Figure  26  are  given  for  various  values  of  axial 
magnet  half-thickness. 

The  lowest  set  of  curves  in  Figure  26  shows  the  number  of  disks  required 
(twice  the  number  of  half-disks).  Although  these  curves  are  continuous,  it  is 
obvious  that  only  integer  values  are  physically  meaningful.  The  next  set  of 
curves  shows  the  machine  active  length.  The  next  set  of  curves  shows  the  hot¬ 
spot  temperature  in  the  armature  windings  (the  250*  C  limit  is  indicated).  The 
basis  for  the  temperature  calcr'.utions  is  discussed  later.  The  top  set  of  curves 
shows  the  synchronous  reactance  in  p.u.  on  the  90  KVA  machine  base.  In  this  type 
of  machine,  the  comswtctlng  reactance  and  the  synchronous  reactance  are  identical, 
and  a  permissible  asynchronous  reactance  on  the  90  KVA  base  is  0.45  per  unit  for 
a  nine-phase  system.  Therefore,  the  curves  in  Figure  25  show  that  this  limit  is 
not  reached  within  other  practical  limitations  of  the  machine  dimensions. 

The  basic  calculations  were  made  for  an  armature  copper  current  density  of 
17,300  aap/in.2. 


M 


TABLE  18 


™  40  ™  tuam <1 

OPERATING  Ai  THE  1.5  P.U.  OVERLOAD  POINT 


Limiting  radius,  eutside 
Magnet  outside  radius 
Magnet  inside  radius 
TF34  shaft  radius 
Clearance  for  cooling  pipes 
Rotor  clearance 

Trapezoidal  shrink  ring  radial 
height 

Space  for  inner  turns 
Clearance,  end  turns  -  rotor 
Rotor  support  cylinder 


4-55 0  In. 
3.620 
2.150 
1.562 
0.25 
0.10 
0.58 

0.238 

0.25 

0.20 
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The  curves  for  the  active  length  exhibit  minima,  which  are  also  minima  in 

machine  volume.  Realizable  machines  are  obtained  for  the  combination  of  parameters 

that  results  in  an  integer  number  of  disks.  These  vertical  lines  are  shown  for 

six-  and  three-disk  machines  near  the  active  length  minima.  (Disk  multiples  of 

three  are  desirable  for  phase-connect  purposes.)  For  current  densities  of  17,500 
2 

amp/in.  ,  both  machines  have  acceptable  hot-spot  temperatures.  The  machirie 

2 

active  length  is  approximately  3.6  inches  in  both  cases.  For  a  20,000  amp/in. 

current  density,  the  active  length  is  decreased  by  about  0.3  inch  for  the 

three-disk  machine,  but  the  indicated  hot-spot  temperatures  are  perhaps  20®  C 

too  high.  Refinement  of  the  thermal  calculations ,  including  verification  of  the 

assumptions  therein,  may  reduce  these  predicted  temperatures,  but  for  the  moment 

the  data  in  Figure  26  seem  reasonable. 

The  assumptions  used  in  heat  transfer  calculations  are  best  illustrated  by 

reference  to  Figure  27,  which  is  a  full-scale  cross  section  of  the  disk  machine. 

The  resistive  losses  in  the  armature  winding  are  extracted  by,  radial  conduction 

along  the  armature  winding.  The  heat  then  flows  out  through  the  end  turns  to  a 

set  of  copper  fins  embedded  in  the  end  windings  as  shown.  The  internal  resistance 

of  the  end  windings  is  important,  and  a  high-conductivity-filled  epoxy  has  been 

assumed.  In  addition,  however,  the  thermal  conductivity  of  the  embedded  copper 

is  taken  into  account,  and  care  will  be  necessary  to  assure  that  the  winding 

strands  are  pressed  as  close  to  the  fins  as  possible.  Heat  transfer  area  is  at  a 

premium,  and  in  order  to  maximize  the  surface  heat  flux  at  the  fins  as  well  as 

minimize  the  internal  temperature  rise,  it  was  found  necessary  to  split  the  efnd 

windings  as  shown  in  Figure  27.  The  mechanical  realization  of  this  heat  transfer 

configuration  will  require  careful  design.  The  end  winding  fins  conduct  the  heat 

to  the  oil  ducts,  where,  it  is  transferred  by  forced  convection  to  the  oil.  The 

distribution  of  the  temperature  rise  is  shown  in  Table  19,  using  the  three-disk 

2 

machine  at  17,500  amp/in.  as  an  example. 

The  internal  temperature  rise  in  the  windings  was  calculated  by  assuming 
one-dimensional  heat  flow  in  a  body  with  internal  heat  generation,  from  which 
the  temperature  rise  is  given  by 

AT  -  J2  2  (11) 

2K  * 

where  J  is  the  armature  copper  current  density. 


Oil  Duct 


I 


ngurm  27.  DUk  Generator  Cron.  Section,  Tull  Seal# 
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TABLE  19 


INTERNAL  TEMPERATURE  RISES 
KVA/THREE-DISK  MACHINE 

Armature  radial  conduction 
(current  density  17,500  amp/in.2) 

End  turn  Internal  conduction 

011-duct  film  rise 

Oil  bulk  rise 
(Oil  flow  2,9  gpm) 

Oil  inlet  temperature 

Winding  maximum  temperature 


p  is  the  copper  electrical  resistivity, 
k  is  the  copper  thermal  conductivity,  and 
z  is  the  length  of  turn  measured  to  the  midpoint  of  the 
inner  end  turns'. 

Since  this  temperature  rise  is  the  largest  in  the  thermal  circuit,  and 
since  it  depends  on  the  square  of  the  armature  current  density,  it  is  obvious 

that  the  configuration  is  sensitive  to  this  variable. 

\ 

Tradeoff  studies  involving  the  number  of  poles  and  number  of  disks  have 
resulted  in  the  output  shown  in  Table  20,  which  is  arranged  to  clarify  the  trend 
of  machine  parameters.  The  fixed  radial  machine  dimensions  for  the  40  KVA 
machine  (operating  at  the  1.5  p.u.  overload  point)  were  shown  earlier  in  Table  18. 
The  results  for  this  machine  application,  shown  in  Table  20,  have  been  selected 
for  a  maximum  hot-spot  temperature  at  250®  C  and  are  presented  for  the  machine 
with  minimum  active  length.  This  was  obtained  by  varying  magnet  axial  length, 
armature  axial  dimension,  and  armature  current  density. 

The  conclusion  drawn  from  Table  20  is  that  changing  the  number  of  poles 
over  a  wide  range  dees  not  significantly  affect  machine  size,  although  the 
minimum  size  occurs  at  slightly  different  number  of  poles,  the  exact  number 
depending  upon  the  number  of  disks  chosen.  Since  the  winding  disk  thickness 
decreases  for  increasing  number  of  disks,  a  four-disk  machine  appears 
impractical  for  manufacturing  reasons.  1 

The  commutating  reactance  fell  below  the  desired  value, (0.283  ohm).  The 
value  of  the  commutating  reactance  depends  on  the  machine  connection  in  the 
two-disk  case.  For  the  present  calculation,  the  machine  was  assumed  to  be 

connected  so  that  each  disk  contains  all  six  phases.  This  is  the  only  practical 

, 

method  of  connection  for  three-disk,  six-phase  machines.  Similar  tradeoff 
studies  have  been  performed  for  machines  of  higher  ratings  and  lower  base  speeds, 
such  as  those  found  in  the  F103  application.  The  fixed  machine  dimensions 
and  parameters  are  listed  In  Table  21(a). 

Using  these  constraints  of  temperature,  reactance,  and  radius,  three 
variables  -  magnet  thickness,  armature  winding  thickness,  and  armature  current 
density  -  were  stepped  systematically,  and  the  results  were  scanned  for  minimum- 
length  machines.  Similar  calculations  were  performed  for  20-,  24-,  and  28-pole 
machines.  The  armatures  of  these  machines  are  assumed  to  be  cooled  by  radial 
conduction  along  the  windings  to  the  outer  periphery,  where  the  heat  is  transferred 


TABLE  20 


C^™CTERISTICS  0F  40  KVA  machines 

WITH  DIFFERENT  NUMBERS  OF  POLES 


Two-pisk  Machines 


Number  of  Poles 

14 

18 

22 

24 

Active  Length,  inches 

1.86 

1.84 

1.87 

2.00 

Magnet  Thickness,  inches 

0.55 

0.55 

0.55 

0.60 

Armature  Thickness,  inches 

0.275 

0.282 

0.277 

0.311 

Armature  Current  Density, 
K-amp/in.2 

16 

17 

18 

18 

Commutating  Reactance,  ohms 

0,21 

0.21 

0.21 

0.22 

Three-Disk  Machine* 

Number  of  Poles 

14 

18 

24 

28 

Active  Length,  Inches 

1.90 

1.80 

1.75 

1.78 

Magnet  Thickness,  inches 

0.35 

0.30 

0,30 

0.30 

Armature  Thickness,  inches 

0.18 

0.20 

0.18 

0.19 

Armature  Current  Density, 
K-amp/in.2 

16.5 

17 

19 

19 

Commutating  Reactance,  ohms 

0.19 

0.21 

0.17 

0.17 
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TABLE  21(a) 

LIMITING  MACHINE  DIMENSIONS  FOR  F103  APPLICATION 


FI03  core  shaft  radius 

3.000  in 

Rotor  support  cylinder 

0.125 

Clearance  between  end  turns  and 

rotor  support 

0.150 

Smallest  inside  radius  end  turns 

3.275 

Maximum  machine  radius 

7.000 

Thickness  of  support  frame 

0.100 

Clearance  for  cooling  tubes  &  connections 

0.25 

Maximum  end-turn  outside  radius 

6.65 

TABLE  21(b) 

VARIABLES  HELD  CONSTANT  FOR  ANALYSES 


Magnetization 

0.84  vb/m ^ 

Magnet  pole  arc 

60  Elect.  Deg. 

Armature  3pace  factor 

0.5 

Rotor  speed 

6340  rpm 

Axial  air  gap  between  stator 

and  rotor 

0.050  inch 

Oil  coolant  inlet  temperature 

107°  C 

Oil  flow  rate 


2.9  gpm 
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to  oil  as  shown  in  Figure  28.  The  internal  winding  conduction  rise  is  the 
dominant  temperature  rise,  and  is  proportional  to  the  square  of  the  sum  of  tl.e 
radial  pole  span  and  the  inner  end-turn  length.  Shortening  the  radial  span  by 
increasing  the  inner  radiiis  will  decrease  this  internal  temperature  rise  and 
allow  operation  at  higher  current  densities.  Calculations  were  made  for  several 
cases  of  shortened  pole  span  to  explore  this  effect. 

The  results  of  the  calculations  for  the  90  KVA  generator  are  shown  in 
Table  22.  The  general  conclusion  drawn  from  these  data  is  that  the  minimum  active 
length  is  relatively  constant  over  the  range  chosen.  There  is  a  slightly 
decreasing  trend  when  the  number  of  poles  is  increased.  The  trend  is  upward  when  ■ 
the  radial  pole  span  is  decreased  (disk  inside-radius  increased) .  A  similar  but 
more  pronounced  trend  would  be  expected  if  the  pole  span  v/ere  shortened  by 
decreasing  the  outside  radius;  but  this  includes  a  penalty  for  the  decreasing 
average  radius.  A  few  trial  runs  for  six-disk,  machines  showed  that  there  is  a 
small  length  penalty  for  Increasing  the  number  of  disks.  Since  the  machine 
rating  of  the  F103  application  called  for  rather  large  ratings,  nine-phase 
machines  were  designed.  Nine-phase  machines  are  best  realized  when  the  number 
of  disks  is  a  multiple  of  3. 

The  results  for  the  120  KVA  generators  are  shown  in  Tables  23  and  24. 

A  definite  advantage  is  shown  for  six-disk  machines  in  Table  24.  The  six-disk 
machines  are  approximately  one  inch  shorter  than  the  three-disk  machines.  Again,  , 

as  in  the  90  KVA  generators,  there  is  a  broad  range  in  the  number  of  poles  and 
inside  radii,  where  the  machine  size  is  relatively  constant 

Tradeoffs  regarding  the  magnet  energy  have  not  been  made  in  detail  since 
the  magnet  flux  density  Influence  can  be  assessed  rather  straightforwardly. 

A  magnetic  energy  lncreaae  of  10  percent  allows  a  5  percent  increase  in  flux 
density  in  the  coils.  That  results  in  a  5  percent  decrease  in  axial  winding 
length  and  thus  a  5  percent  decrease  in  the  number  of  magnets  required  to  , 

magnetize  the  air  space.  Thus  the  machine  size  basically  changes  in  Inverse 
proportion  to  the  magnet  energy  level  but  ai  ha'f  that  rate.  . 

The  results  of  the  disk  PM  machine  can  ilefly  be  summarized  as  follows. 

The  machine  size  as  a  function  of  the  number  of  disks,  the  axial  magnet  length, 
and  current  loading  shows  definite  ~xnima.  The  number  of  poles  has  very  little 
effect  on  the  overall  machine  size.  The  magnet  energy  has  a  much  larger  but 
monotonic  influence  on  th  machine  size.  The  obtainable  optimum  disk  machine 

li 
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Winding  Retainer 
-Cooling  Pipe 
Connection 

—  Cooling  Pipe  in 
End-Turn  Space 

—  Winding  Disk 

_  Fins  (Brush-Like) 
Interleaves  with 
Windings 


TABLE 


Coamutating  Reactance,  ohms  0.185  0.191  0.191  0.182  0.180.  0.189  0.188  0.88  0.180 


TABLE  23. 


rasfMlSimf  raSK  -  120  KVA  nominal, 

iSrr&’SSL?*  KW-  °-77  Outside 


THREE - 


Disk  Inside  Radius,  in. 
Radial  Pole  Span,  in. 

Number  of  Poles 
Active  Length,  in. 

Magnet  Thickness,  in. 
Armature  Thickness,  in. 
Armature  Current  Density,  W 
Commutating  Reactance,  ohms 


TABLE  24.  SIZES  FOR  F 103  DISK 
disk  MACHINES 

5  Minutes  Overload  2 
Radius  *  5.9  Inches. 

Disk  Inside  Radius,  in. 

Radial  Pole  Span,  in. 

Number  of  Poles 
Active  Length,  in. 

Magnet  Thickness,  in. 

Armature  Thickness,  in. 

Armature  Current  Density,  kA/in.2 
Cornau taring  Reactance,  ohms  ( 


3.6 

3,9 

4.2 

2.3 

2.0 

1.7 

20.0  24.0 

20.0 

20.0 

5-18  6.38 

5.26 

6.06 

1.12  1.48 

1.20 

1.50 

°'5I  0.55 

2 

0.45 

0.42 

9.8  io.o 

10.5 

11.2 

0-137  0.141  0 

.138 

0.141 

GENERATORS  -  120  KVA  NOMINAL, 

SIX- 

32  KVA,  0.77  PF,  Disk  Outside 

3.6 

3.9 

4.2 

2.3 

2.0 

1.7 

,20.0  24.0  28.0 

20.0 

20.0 

4.10  4.03  3.95 

4.06 

4.16 

0.36  0.32  0.34 

0.36 

0.40 

0-22  0.23  0.22 

0.21 

0.19 

l1*4.  21.5  12.2 

12.1 

13.2 

3-142  0.238  0.104 

0.142 

0.140 

design,  however,  is  mostly  a  function  of  the  maximum  hot-spot  temperatures 
in  the  winding.  In  other  words,  a  successful  disk  machine  design  depends  very 
much  on  the  cooling  design  concept.  In  the  designs  considered,  the  commutating 
reactance  was  no*'  a  ,es ign-inf luencin*  factor. 

D.  APPLICATION  RECOMMENDATIONS 

The  previously  discussed  tradeoff  studies  have  shown  a  few  clear  trends 
which  are  to  be  used  for  selecting  optimum  machines  for  specific  eatings  and 
applications.  For  the  cylindrical  machines,  however,  there  has  been  no  optimum 
way  to  design  for  lower  weight.  In  erder  to  get  a  small  machine  *ne  variable 
design  parameters  have  to  be  pushed  to  mechanical,  electrical,  ana  irmufacturing 
limits.  However,  within  the  geometric  and  electric  rc-.»r ,  let  ions  there  do  not 
appear  to  be  any  significant  changes  possible.  Thus  a  good  design  will  focus 
mostly  on  power  loss,  reliability,  and  winding  temperature.  The  weight  penalty 
for  reduced  losses  appears  to  be  relatively  low  frr  thes*  applications. 

For  the  disk-type  machines  there  seem  to  be  pronounced  optimum  points 
for  weight  and  volume.  In  most  Instances  thes  -  minima  are  quite  , broad  and  leave 
sufficient  latitude  for  selecting  the  other  •/:  .ameters.  The  maximum  winding 
temperature,  however,  has  a  rather  signer. Tint  influence  on  the  machine  design, 
as  reflected  by  the  cooling  scheme  rfjar  was  used  in  the  calculations.  As  a  . 
result,  a  vastly  Improved  cooling  scheme  ia  necessary  to  cbtafr  reasonable 
winding  temperatures  that  are  necessary  for  attaining  a  high  machine  MTBF.  Thus, 
the  disk  machine  needs  more  devolopment  work  before  i'  Lccomes  practicable. 

When  electric  power  loss  '»  examior'J  «c  -  l.-'  :  not  include  disk  frictional 
losses)  the  disk  machine  is  the  mo.*  acrra.tive  c<  '.cepe  because  of  the  reduced 
stator  losses  (no  iron  lossee)  and  red-'^i  :otor  *  Jdy  current  losses.  Both 
machines  show  relatively  low  additional  lcesta  from  current  time  harmonics,  in 
part  because  of  the  low  armature  reactance  and  armature  reaction  level  in  each 
machine.  The  disk  machine  has  tha  added  attraction  of  a  rotor  made  entirely 
of  low-conductivity  material,  which  virtually  eliminates  eddy  current  losses  in 
the  rotor.  The  main  eddy  current  losses  in  the  cylindrical  machine  originate  from 
the  rotor  slotting.  A  reduction  of  the  slot  opening  to  the  smallest  acceptable 
level  -  at  the  manufacturing  stage  -  will  help  to  reduce  those  losses  to 
scceptsbls  levels. 


Following  is  a  brief  discussion  of  the  differences  in  the  rotor  temperature 
characteristics  of  the  radial  and  axial  gap  PM-type  machines.  Figure  29  shows 
the  operating  ranges  and  points  for  the  magnets  for  a  typical  disk  machine  and 
a  typical  radial-gap  machine.  The  difference  in  operating  points  becomes 
important  when  thermal  magnetization  loss  is  considered  because  the  lower  the 
operation  point  lies  on  the  demagnetization  curve  the  more  severely  do  rare  earth 
cobalt  magnets  suffer  irreversible  and,  tc  some  extent,  reversible  temperature- 
induced  magnetization  losses.  Figures  30  and  31  (taken  from  a  Raytheon  Company 
magnet  technical  brochure)  illustrate  these  susceptibilities.  Thus,  a  radial- 
gap  PM  machine  would  tend  to  be  somewhat  less  sensitive  to  high  rotor  temperatures 
than  a  disk  machine,  and  should  therefore  be  able  to  withstand  somewhat  higher 
rotor  losses. 

The  sensitivity  to  thermal  demagnetization  becomes  significant  when  the 
higher  soakback  temperature  applicability  of  the  concepts  is  considered,  since 
there  is  thermal  soakback  after  engine  shutdown.  The  disk  machine  has  a  definite 
disadvantage  under  these  conditions. 

The  cylindrical  machine  could  occasionally  experience  electrical  shorts  in 
the  windings,  mainly  because  the  windings  are  located  in  slots.  Differences  in 
thermal  expansion  coefficients  will  have  to  be  compensated  for  by  the  Insulation 
system.  Thus  it  is  mandatory  that  a  suitable  mechanical  or  electrical  disconnect 


be  developed  for  the  cylindrical  machine,  the  disk  machine  windings  are  much, 
less  prone  to  mechanical  insulation  breakthrough;  Thus  a  simpler  disconnect  may 
suffice  for  this  machine.  The  disk  machine  offers  the  possibility  of  active 
voltage  regulation,  but  this  comes  at  the  expense  of  added  complexity  and  weight. 
Regulating  the  voltage  of  the  cylindrical  machine  jwould  be  impractical. 

When  ease  of  assembly  is  considered,  the  cylindrical  machine  looks  like 
the  more  promising  design,  because  its  rotor  and  stator  can  be  separately  mounted 
and  dlsassemoled.  However,  excessive  redial  shaft  movement  (>  25  mil)  could  be 
a  problem  because  of  the  machine  sir  gap,  which  Is  on  the  order  of  0.05  to  0.10 


The  disk  machine's  rotor  and  stator  muse  be  issembled  together  into  the 
engine,  but  It  is  much  less  sensitive  to  radial  shift  movement. 

The  considerations  discussed  above  will  be  used  for  selecting  the  optimum 
machines  for  selected  engine  applications.  { 
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Figure  31 .  Reversible  Changes  In  B  and  H  Measured  at  Temperature. 


SECTION  VI 

GENERATOR/ENGINE  INTEGRATION  STUDY  RESULTS  , 

The  conceptual  generator/engine  integration  study  successfully  demonstrates 
the  technical  feasibility  of  the  IEG/S  design  approach  to  electric  secondary 
power  extraction.  This  feasibility  is  evidenced  by  the  fact  that  most  of  the 
generator /starters  investigated  fit  into  the  confines  of  existing  turbofan  engines, 
as  shown  on  the  layout  drawings  in  Addendum  A,  Drawings. 

The  conceptual  layout  studies  provide  the  information  necessary  to  define 
the  problems  associated  with' the  generator/engine  design  integration  and  provide 
a  base  from  which  to  evaluate  the  various  designs  realistically. 

The  main  objectives  of  the  integration  study  were:  define  the  generator 
location,  define  its  interfaces,  explore  the  design  of  disconnect  devices,  and 
evaluate  the  feasibility  of  the  IEG/S  with  respect  to  reliability,  integration 
severity,  safety,  and  cost. 

The  operating  functions  (generation,  starting),  the  environmental 
conditions,  and  the  accessibility  determine  the  possible  location  of  the  IEG/S 
within  the  engine . 

The  optimum  location  for  an  IEG/S  within  a  turbofan  engine  is  the  space 
between  the  fan  and  compressor ,  called  the  forward  sump  area  (Figure  32). 

This  location  combines  the  advantages  of  cool  environment,  relatively  large 
space  (especially  in  high  bypass  turbofan  engines),  adequate  accessibility,  good 
structural  support,  a_.d  access  for  power  transfer  from  and  to  the  high-pressure 
turbine  shaft,  a  capability  which  is  essential  for  starting  a  dual-spool  engine. 
Although  a  generator  (Power  Level  I)  can  be  driven  by  the  low-pressure  (LP)  shaft, 
the  disadvantages  of  wide  speed  range  and  low  speed  resale  in  large,  heavy 
generators.  Also  a  split  arrangement  with  two  generators  was  investigated 
whereby  one  PM  machine  is  driven  off  the  HP  shaft  and  operates  as  a  starter/ 
generator  and  the  other  one  is  driven  by  the  LP  shaft  and  operates  as  a 
generator  only. 

The  above  arrangement  was  found  unattractive  in  terms  of  weight  and 
mechanical  complexity  and  was  deleted  froai  the  study. 


-Bypass  Turhofan  Engine. 


ELECTRICAL  POWER  LEVELS  CONSIDERED 


1 .  Introduction 

The  specification  requirements  define  three  categories  of  electrical  power 
to  be  considered  for  each  of  the  three  engine  classifications.  These  categories 
were  defined  in  Section  IV-B,  Electrical  System  Load  Requirements. 

The  KVA  ratings  which  were  selected  to  correspond  with  the  power  level 
specifications  for  each  of  the  selected  engines  are  shown  in  Table  25.  A 
detailed  discussion  and  presentation  of  the  data  used  to  establish  the  selection 
of  KVA  ratings  are  found  in  Section  IV-B  of  this  report. 

2 .  Summary  of  Intc  face  and  Power  Level  Consideration 

The  IEG/S  Integration  studies  resulted  in  layouts  for  each  power  level 
and  PM  machine  type  shown  in  Table  25  for  each  of  the  engines.  These  layout 
drawings  are  contained  in  Addendum  A  of  this  report.  Table  26  summarizes  the 
results  of  these  integration  studies  and  classifies  the  engine  modifications  on 
the  engines.  Combinations  required  marked  by  an  "X”  represent  a  moderate  impact 
on  engine  modification. 

The  greatest  potential  payoff  for  an  TEC/S  exists  for  Power  Levels  III 
and  IIIA,  where  the  maximum  usable  electric  power  is  provided.  Use  of  the  IEC 
for  Power  Level  I  does  not  offer  any  advantage  since  no  other  part  of  the  system 
is  simplified  or  eliminated.  Power  Level  II  offers  advantages  by  eliminating  the 
need  for  a  separate  engine  starting  system.  Power  Levels  IIIA  and  III  offer  t^e 
greatest  potential  by  eliminating  the  mechanical  accessory  drive  system  and 
engine-mounted  accessories,  therefore  simplifying  the  secondary  power  system 
at  the  engine  level,  and  at  the  aircraft  level  as  well.  More  flexibility  in  the 
placement  of  electrically  driven  engine  accessories  is  possible.  The  fuel  and 
lubrication  pumps,  for  instance,  would  be  powered  by  variable-speed  electric 
motors.  Elimination  of  the  engine  gearbox  generally  reduces  engine  frontal 
area  and  therefore  aerodynamic  drag,  a  reduction  which  is  critical  in  high  speed 
aircraft. 

The  advantages  inherent  in  the  IEG/S  concept  appear  to  be  at  their  maximum 
in  aircraft  on  which  the  secondary  power  system  is  entirely  electric.  The  full 
advantages  of  the  IEG/S  concept  must  be  evaluated  at  the  aircraft  level.  Weight 
savings,  reliability  improvement,  and  life  cycle  costs  must  be  compared  at  the 
aircraft  level  to  evaluate  the  total  potential  of  the  IEG/S  concept. 
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TABLE  25 

SELECTED  KVA  RATINGS 

Engine 

Power  Level 

I  II 

(KVA) 

IIIA 

III 

TF34 

(RPV) 

30/40 

60 

60/75 

120 

F404 

Low  Bypass 

60/75 

90 

200 

800 

F103 

High  Bypass 

75/90 

120 

300 

1200 

TABLE  26 

POWER  LEVEL/ENuINE/GENERATOR  -  MATRIX 


Power 

Level 

X 

F404 

VA  Ratings 

PI  03 

TF34 

I 

KVA 

60/75 

75/90 

30/40 

Cyl. 

X* 

X 

X 

Disk 

X* 

X 

X 

IX 

KVA 

90 

120 

6b 

Cyl. 

X* 

X 

X 

Disk 

X** 

X 

X 

IIIA 

KVA 

20 0 

300 

75 

Cyl. 

x** 

X 

X 

Disk 

X** 

X 

X 

XII 

KVA 

800 

1200 

120 

Cyl . 

No-Go 

No-Go 

X 

Disk 

No-Go 

No-Go 

X 

X  -  Integration  possible  with  only  Moderate  engine  Modification 
*  -  Anount  of  engine  extension:  2.5  inches.  Major  Modification 
**  .  Amount  of  engine  extension:  3.6  inches,  unacceptable 
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3.  Machine  Design  Tradeoffs 

Table  27  lists  the  limiting  PM  machine  dimensions  for  the  various  locations 
within  the  three  engines.  Using  the  results  of  the  tradeoff  studies  discussed  in 
Section  V  as  guidelines,  the  optimum  cylindrical  and  disk  machines  for  Levels 
I  and  II  were  selected  from  computer-aided  designs  for  Location  I  of  the  TF34 
engine.  It  was  found  that  the  total  radial  space  of  1.2  inches  for  the  electrical 
machines  to  be  mounted  within  this  location  prevents  the  application  of  a  disk- 
type  machine,  which  needs  more  space  radially  than  the  cylindrical  machine. 

Table  28  lists  the  main  characteristic  data  for  cylindrical  PM  generators  with 
Level  I  and  II  ratings  for  the  TF34,  Location  I.*  The  maximum  dimensions  of  the 
electromagnetics  package  are  the  Punching  Diameter  and  the  Maximum  Length  (CL) , 
which  includes  a  0.4  inch  extension  clearance  past  the  rotor.  The  problem  of 
this  location  is  evident:  it  results  in  rather  long  machines  (7.3  and  9.65 
inches  respectively) . 

Table  29  compares  the  basic  characteristics  for  TF34,  Location  II* 
generators'.  As  expected,  the  disk  machines  are  significantly  shorter  than  the 
cylindrical  machines  but  larger  in  diameter.  How  much  this  benefits  the  engine 
design  has  to  be  established.  The  small  rating  produces  a  disk  machine  smaller 
and  lighter  than  the  cylindrical  machine.  In  the  larger  rating  both  machines 
weigh  about  the  same  and  need  similar  vclumes  hut  they  assume  different  shapes. 

The  benefit  of  the  disk  machines  is  their  rather  low  commutating  reactances, 
which  will  be  beneficial  to  the  cycloconverter  operation  with  respect  to 
efficiency  and  power  capability.  If  a  disk  machine  Is  selected,  the  electrical 
specifications  should  be  changed  to  reflect  the  lower  commutating  reactance  and 
its  effects  on  the  voltage  required.  The  current  densities  of  the  disk  machines 
have  been  allowed  to  be  higher  because  of  the  absences  of  iron  losses.  As 
mentioned  before,  however,  a  more  effective  cooling  scheme  has  yet  to  be 
developed  for  the  disk  machines. 


*Location  I  is  inside  the  forward  end  of  the  compressor;  Location  II  is  in  the 
forward  sump. 


TABLE  27.  LIMITING  PERMANENT  MAGNET 


DIMENSION 


Dimensions 

Preliminary  Envelope  Power""  i?"  S* 

Engine  Drawing  No.  (Ref.)  Level /KVA  in!  J’  f' 
TF34  4013,86-753  T,,n 


Common f 


F404 


11/60  3.70 

9. 10 

2.60 

co  10. 50  inches 

•013 186- 779 

1/40  4.20 

6.60 

Open 

!1T  per  Dwp .  =  (.4  inchec; 

11/60  4.20 

6.60 

’'pen 

4013186-855 

HI  3.10 

9.7 

2.6 

HI  could  be  increased 
to  3.6  inches 

4013186-752 

50) 

1/90  9.50 

17.8 

3.8 

U/ 120  9.50 

17.8 

3.8 

4013186-785 

1/90  7.50 

17.8 

3.8 

HI  can  Le  increased 

II/120  7.50 

17.8 

3.8 

.  4013186-847 

III  6.8 

16.1 

5.0 

401.3186-875 

Split  Power  System 

III  5.8 

8.2 

15.8 

17.8 

3.5 

4.0 

HPT  starter /gen. 

LPT  generator 

4013186-836 

1/75  2.95 

12.5 

2.6 

D!  could  be  increased 

, 

II/90  2.95 

12.5 

2.6 

to  14.0  inches 

4013186-848 

HI  2.95 

12.5 

3.6 

DT  could  be  increased 
to  14.0  inches 

DS  *  Shaft  diameter 
DT  =•  Stator  outside 

diameter 

♦ 

HI  »  Stack  length 
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TABLE  23 

CYLINDRICAL  PERMANENT  MAC.NET  MACHINES 
FCR  Tr  34  APPLICATION  -  LOCATION  I 


Racing,  KVA 

KVA 

30/40 

60 

Base  Speed,  rpm 

938-3 

9  380 

Base  Frequency,  Hz 

F 

1257 

1407 

foies  ■ 

- 

16 

18 

Number  of  Phases 

- 

6 

9 

Stack  Length,  in. 

HI 

6.01 

8.456 

Punching  Diameter,  in. 

OBS 

6.600 

6.600 

Inside  Rotor  Diameter,  in. 

IBR 

4.40 

4.400 

Length  Over  End  Turns,  in. 

OL 

6.90 

9.222 

Maximum  Length,  in. 

CL 

7.30 

9.65 

Rotor  Diameter,  in. 

OBR 

5.640 

5.486 

M-.^net  Height,  in. 

hm 

0.465 

0.452 

Electrical  Losses.  k» 

PT 

4.5 

8.6 

Air-Cap  Flux  Density,  iCL/in.2 

36 

32 

Commutating  Reactance,  R 

*c  . 

0.253 

0.223 

Volume,  in.-* 

- 

236 

316 

TABLE  29 

COMPARISON  OF  DISK  AND  RADIAL  MACHINES 
TOR  TP 34  APPLICATION,  LOCATION  II,  9380  *» 


Rating,  KVA 

30/40 

30/40 

60 

60 

Typ* 

Disk 

Cyllndar 

Disk 

Cylinder 

Poles 

22 

16 

18 

18 

frequency,  Rt 

1720 

1251 

1407 

1407 

Phases 

6 

6 

6 

9 

Cnmtatlng  Reactance,  Q 

0.106 

0.25C 

0.085 

0.271 

Overall  Length,  la. 

1.77 

3.50 

2.75 

3.64 

Maximum  Clearance,  In. 

1.37 

3-90 

2.95 

4.0* 

Shaft  Diameter,  la. 

3.70 

3.70 

3.70 

3.70 

Maximum  Diamatar,  in. 

10.5 

1.65 

10,5 

8.92 

Currant  Daaalty,  M/la.2 
«  1  p.u.  Load  0.9?  PP 

11.  S 

8.5 

11.1 

7.9 

Vo luma,  la.3 

153 

205 

238 

228 

*0 


Table  30  compares  the  radial  and  axial  gap  (cylindrical  and  disk)  machines 
for  Levels  I  and  II  and  Locations  I  and  II  for  the  F103  engine.  The  same 
general  trends  can  be  observed:  the  disk  machines  are  shorter  than  the 
cylindrical  but  are  larger  in  diameter.  At  the  higher  ratings  the  volume  of  the 
disk  machine  also  becomes  larger  than  that  of  the  cylindrical  machine  of  the 
same  rating. 

That  is  just  what  happens  in  Location  II.  The  minimum  shaft  diameter  there 
is  less  restrictive,  allowing  a  cylindrical  machine  with  a  higher  power  density. 
However,  based  upon  observations  made  for  both  FI 0 3  and  TF34  applications ,  the 
cooling  concept  and  the  maximum  allowable  hot-spot  temperatures  in  the  windings 
are  the  most  severe  limitations  for  a  smaller  disk  machine.  This  underscores 
the  need  for  further  disk  machine  development.  Cooling  and  winding  temperature 
influence  disk  machine  size,  a  fact  which  becomes  clear  when  one  realizes  that 
a  higher  temperature  and  better  cooling  allow  for  thinner  windirg  disks  and  thus 
less  magnet  strength.  Therefore,  a  direct  proportionality  is  expected  between 
the  machine  size  and  the  temperature. 

Designing  the  machines  for  the  F404  application  is  significantly  more 
difficult  than  for  the  other  two  engines.  A  wider  speed  range  and  the  same  basic 
overspeed  as  the  TF34  plus  the  space  limitations  made  it  difficult  to  obtain  the 
desired  design  results.  The  60/75  KVA  system  cylindrical  generator  just  meets 
the  2.6-inch  stack  length  requirements  at  the  given  diameter  limitation.  The  90 
KVA  machine  could  not  meet  it.  Even  varying  the  rotor  diameter  and  number  of 
poles  did  not  help;  this  is  demonstrated  in  Figure  33,  which  shows  the  stack 
length  as  a  function  of  both  these  variables  for  a  Level  II  F404  generator. 

The  disk  machine  did  not  have  this  problem,  especially  when  the  full 
diameter  range  was  utilized.  The  results  for  the  selections  for  both  levels  and 
machine  types  are  shown  in  Table  31.  The  comments  offered  when  comparing  disk 
and  cylindrical  machines  for  the  F103  application  also  apply  when  comparing  how 
the  two  types  of  machines  are  suited  for  installation  in  tha  F404  engine. 
Considering  shape  and  losses,  the  disk  machine  looks  batter.  The  cylindrical 
machine,  however,  does  not  require  as  much  volume,  as  shown  in  Tabls  31.  Again, 
the  actual  selection  depends  to  a  large  degree  upon  the  secondary  benefits  and 
the  geometry  limitation.  Furthermore,  it  is  believed  that  detail  developments 
on  the  disk  machine  will  reduce  the  volume,  whereas  higher-energy  magnets  will 
have  vary  littls  affect  on  the  cylindrical  machines  since  ell  that  is  changed  is 
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the  magnet  volume  required.  Since  the  air-gap  flux  density  and  the  current 

2 

density  stay  mostly  unaffected  (for  all  those  where  Bg  ^  50  KL/in.  ),  the  change 
in  magnet  energy  will  affect  only  rotor  stresses  and  rotor  weight. 

For  the  disk  machine,  however,  a  larger  magnet  energy  means  less  active 
volume  and  thus  more  power  per  volume.  A  significant  reduction  in  size  would 
be  expected  to  result. 

As  h3s  been  seen  in  Table  26,  the  Level  III  ratings  for  all  three  machines 
become  very  large,  especially  for  the  F404  and  the  F103.  Thus,  using  the  3/4 
power  law  (Equation  12)  a  quick  projection  has  been  made  of  the  approximate 
machine  sizes  for  the  800  KVA  system  configured  for  the  F404  and  the  1200  KVA 
system  configured  for  the  F103.  A 

(12) 

rpa  *  Rotor  Speed 
D  “  Diameter 
L  “  Length 
Ps  -  Rating  (KVA) 

Table  32  shows  the  estimated  maximum  dimensions  of  the  800  KVA  machine  for 
Che  F404  engine  and  of  the  1200  KVA  machine  for  the  F103  engine. 

The  estimates  show  that  the  800  KVA  for  the  F404  would  result  in  generators 
too  large  for  this  engine,  especially  when  one  considers  that  the  Level  II 
generators  for  this  engine  were  already  marginal.  The  F103  generators  may  just 
be  practical  depending  upon  the  details. 

In  reviewing  the  Level  III  generator  sizes  in  more  detail  by  engine  type, 
the  following  observations  can  ba  made.  The  60/75  KVA  generator  for  the  T734 
is  similar  to  the  60  KVA  Level  II  generator  aa  far  as  the  cylindrical  version  is 
concerned,  since  both  will  be  designed  for  the  double  losd  point.  Thus,  no  hew 
cylindrical  design  for  this  rating  is  necessary.  The  60/75  KVA  disk  machine, 
however,  will  be  redesigned  to  provide  some  increase  in  cooling,  since  this 
machine  is  cooling  ssnsltlvs.  The  200  KVA  machines  for  the  F404  will  be  designed 
for  both  cylindrical-  end  disk-type  machines.  The  Level  III  generator  requires 
sente  for  the  F103  generator  can  also  be  met  in  a  split  generator  arrangement; 
i.e.,  one  generator  mounted  on  the  HP  theft,  and  one  generator  on  tha  LP  shaft. 
Sinca  tha  LP  shaft  has  700  rpm  as  a  minimum  ratad  spaed,  any  generator  will 

W 


TABLE  32 

ESTIMATED  GENERATOR  DIMENSIONS 
FOR  ALL  ELECTRIC  POWER  EXTRACTION  APPLICATIONS 


Application 

F404 

F404 

F103 

F103 

Racing,  KVA 

800 

800 

1200 

1200 

Machine  Type 

C 

D 

C 

D 

Max  Diameter,  in. 

12.5 

14.0 

14.0 

16.1 

Max  Length,  in. 

28.5 

27.5 

1 8.0 

20,5 

become  quite  large.  Therefore,  only  the  300  KVA'  requirement  will  also  be 
investigated  for  a  split  arrangement.  The  minimum  HP  generator  is  the  one  used 
for  Level  II  (120  KVA).  That  leaves  180  KVA  for  the  low-speed  machine.  Geometry 
and  low  speed  do  not  allow  the  low  speed  generator  to  operate  into  a  400  H2 
system.  Since  the  additional  load  is  basically  of  the  electric  motor  type,  which 
can  operate  at  wild  frequency  and  constant  V/F,  a  wild  frequency  generator  is 
assumed  for  the  low  speed  machine,  which  has  a  possible  frequency  range  at  base 
speed  of  280  to  385  Hz  maximum.  That,  of  course,  allows  utilization  of  400  Hz 
motors  at  the  high  frequency  end. 

Tables  33  through  35  show  the  specif icatioris  for  the  Level  III  generators 
to  be  studied.  The  120  KVA  machine  for  the  split  generator  arrangement  of  the 
F103  as  well  as  the  60/75  KVA  cylindrical  machine  for  the  TF34  are  not  included. 

Selection  of  the  machines  from  the  design  matrix  was  generally  done  with 
respect  to  an  optimum  combination  of  minimum  stack  length  or  overall  length  and 
machine  volume.  However,  if  a  shorter  stack  length  than  the  one  given  is  desired, 
this  often  can  be  accommodated  at  the  expense  of  the  volume  and  weight  of  the 
machine.  The  Level  III  generators,  more  so  than  Level  I  and  II  machines,  are 
open  to  more  optimization  because  of  their  size. 

The  characterizing  data  for  cylindrical  machines  for  the  VSCF  application 
selected  are  listed  in  Table  36.  While  all  the  machines  meet  or  stay  below  the 
diameter  restrictions,  only  the  150  KVA  and  300  KVA  machines  meet  the  stack 
length  requirements.  The  results  for  the  disk  machines  are  listed  in  Table  37. 

In  this  case  none  of  the  machines  listed  meet  the  desired  axial  length  (stack 
length)  requirements  of  Table  34.  However,  these  machines  do  not  compare  well 
with  the  overall  length  dimensions  of  the  Level  III  cylindrical  generators  either. 

One  of  the  reasons  foT  the  larger  volume  and  length  of  the  disk  machines  Is 

the  naturally  lower  power  density  In  the  air  gap  because  of  the  larger 
magnetic  air  gap  and  the  resultant  lower  flux  density  (about  one-half  of  that 
found  in  cylindrical  machines).  The  geometric  advantage  which  the  smaller-ratlng 
disk  machines  gain  from  superior  volume  utilization  disappears  for  the  large 
ratings. 

The  characterizing  data  for  the  wild  frequency  generators  for  the 
split  generator  application  are  listdd  in  Tables  38  and  39.  Hoe  all  machines 
meet  the  stack  length  requirements ,  a  fact  which  is  cxpeetsd  for  full  power  at  700  rpm 
(lower  than  most  60  Hs  machines).  Other  than  that,  it  la  interesting  to  note 
that  tha  maximum  possible  number  of  polea  does  not  yield  the  smallest  volume 


TABLE  33 

SPECIFICATIONS  FOR  LEVEL  III  HIGH  SPEED 
(VSCF)  CYLINDRICAL-TYPE  GENERATORS 


Engine 

TF34 

F404 

FI  03 

FI  03 

F103 

Racing,  KVA 

120 

200 

150 

300 

1200 

Base  Speed,  rpm 

9380 

8715 

5262 

5262 

5262 

Overspeed,  rpm 

21.472 

20,508 

11,990 

11,990 

11,990 

3  $  Load  Current 
at  2  p.u.  ,  amps 

626 

1072 

804 

1608 

6432 

Voltage,  V 

145 

145 

145 

145 

145 

Power  Factor 

0.69 

0.68 

0.68 

0.68 

0.68 

Comm.  Reactance,  ft 

0.141 

0.113 

0.151 

0.0734 

0.011 

(9 

Shaft  Diameter,  in. 

3.1 

2.95 

6.8 

6,8 

6 

8 

Max  Diameter,  in. 

9.7 

12.5 

15.8 

16.1 

16 

1 

Poles  (rain) 

16 

16 

24 

24 

4 

14 

No.  of  Phases 

9 

12 

12 

12 

.2 

Desired  Stack  Length, 
in. 

2.6 

3.6 

3.5 

5.0 

5, 

0 

*•**  *>.*, 


TABLE  34 

SPECIFICATIONS  FOR  LEVEL  III  RICH  SPEED  (VSCF) 

disk-type  generators 


Engine 
Rating,  KVA 
Base  Speed,  rpm 
Overspeed,  rpm 
3  4  Load  Current 
at  1.3  p.u.  Load,  t% 
Voltage,  V 

Power  Factor 
Comm.  Reactance, 

Shaft  Diameter,  in. 
Max  Diameter,  in. 
Poles  (min) 

No.  of  Phases 


TF34  TF34  F404 

60/75  120  200 

9380  9380  8715 

21.472  21,472  20.508 

248  497  840 

155  155  155 

°*77  0*2?  0.76 

0.226  0.141  0.113 

l’1  3.1  2.9  5 

*-7  9.7  14.0 

16  16  16 

9  9  12 


F103 

F103 

F103 

150 

300 

1200 

5262 

5262 

5262 

11,990 

11,990 

11,990 

630 

1260 

5040 

155 

155 

155 

0.76 

0.76 

0.76 

0.151 

0.0734 

0.0189 

6.8 

6.8 

6.8 

15.8 

16.8 

16.1 

24 

24 

24 

12 

12 

12 

Racing,  KVA 
Type 

Faced  Speed,  rpm  ■ 
Max  Speed,  rpm 
Overspeed,  rpm 
3  i  Load  Current 
at  Load,  A 
Voltage,  V 

Power  Factor 
Comm.  Reactance,  D 
Shaft  Diameter,  in. 
Max  Diameter,  in. 
Stack  Length 
(Described),  in. 
Poles  (max) 

Min  Frequency,  H* 
Max  Frequency,  Hz 
Phases 


TABLE  35 

SPECIFICATIONS  FOR  LEVEL  III  WILD 
FREQUENCY  GENERATORS,  BOTH  TYPES 


150 
,  C 
700 
3432 
4187 
804 
2.0 
145 
0.68 
0.151 
8.2 
17.8 
4.0 


350 

D 

700 

3432 

4187 

630 

1.5 

155 

0.76 

0.151 

8.2 

17.8 

4.0 


180 

C 

700 
3432 
4187 
965 
2.0 
145 
0.6  8 
0.126 
8.2 
17.8 
4.0 


6f>  56  66 

385  327  385 

1888  1602  1888 

12  12  12 


180 

D 

700 

3432 

4187 

756 

1.5 

155 

0.76 

0.126 

8.2 

17.8 

4.0 

56 

327 

1602 

12 


for  the  machine.  Note,  too,  the  rather  large  frequency  range  of  these  machines, 
which  obviously  goes  along  with  a  similar  voltage  range;  this  needs  to  be  kept 
in  mind  for  the  system  separation. 


TABLE  1C 

RESULTS  OF  THE  TRADEOFF  STUDY 
FOR  HIGH  SPEED  CYLINDRICAL  GENERATORS 
FOR  LEVEL  III  POWER  REQUIREMENTS 


Application 

TF34 

F404 

F103 

F103 

F103 

Racing,  KVA 

120 

200 

150 

300 

1200 

Poles 

18 

24 

32 

32 

32 

Frequency,  Hz 

1407 

1743 

1403 

1403 

1403 

Phases 

9 

12 

12 

12 

12 

Conmutating  Reactance, 

0 

0.124 

0.076 

0.127 

0.069 

0.016 

Stack  Length,  in. 

4.91 

5.86 

2.59 

4.34 

16.7 

Overall  Length,  in. 

6.03 

6.64 

3.64 

5.44 

17.8 

Maximum  Diameter,  in. 

9.21 

9.28 

15.54 

15.99 

16.0 

Maximum  Clearance,  in. 

6.43 

7.04 

4.09 

5.84 

18.2 

Shaft  Diameter,  in. 

4.54 

3.78 

6.87 

6.82 

6.95 

Current  Density 

8.5 

8.3 

8.3 

8.3 

8.3 

at  1 p.u.  Load,  0.95 

PF 

-  kA/in.^ 

Volume,  in. ’ 

402 

449 

609 

1092 

3577 

Again,  the  disk  machines  require  much  ; 

more  space 

than  the 

cylindrical 

machines,  mainly  because  of  the  relatively  inefficient  way  of  cooling  large  disk 
machines  as  pointed  out  before,  but  also  because  of  the  disk  machine's  inherently 
lower  current  density  level.  On  the  other  hand,  the  actual  sizes  for  the  very 
large  machine  ratings  turned  out  to  be  not  quite  as  bad  as  were  originally 
forecasted. 

Summarizing  this  part  of  the  study,  it  can  be  said  that  the  original 
concerns  about  the  influence  of  the  restricted  geometry  and  speed  range  have  been 
verified;  chat  is,  integrated  machines  tend  to  be  larger  and  thus  heavier  than 
their  counterparts  on  the  auxiliary  gearboxes.  For  certain  applications,  however 
machines  resulted  which  look  very  reasonable  and  practical,  including  their 
promise  for  meeting  the  requirement  for  high  MTBF. 

The  study  has  covered  preliminary  design  projections  for  three  different 
rating  classes  for  three  engine  applications  and  two  generator  types.  Because 
of  the  level  of  analysis  employed,  no  clearcut  winner  has  been  found.  The 
cylindrical  machines  have  been  found  to  be  more  compact  in  most  cases  because 
of  their  higher  air-gap  power  density  and  superior  stator  cooling  system.  Since 
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TABLE  38 

RESULTS  OF  A  TRADEOFF  STUDY 
FOR  WILD  FREQUENCY  CYLINDRICAL  GENERATORS 
FOR  THE  FI 03  APPLICATION 


Racing,  KVA 

150 

180 

Poles 

54 

48 

Frequency  -  Max,  Hz 

1544 

1373 

-  Min,  Hz 

315 

280 

Phases 

3 

3 

Comm.  Reactance,  ft 

0.146 

0.125 

Stack  Length,  in. 

9.45 

11.49 

Overall  Length,  in. 

10.41 

12.30 

Max  Clearance,  in. 

10.81 

12.70 

Max  Diameter,  in, 

17.8 

17.72 

Shaft  Diameter,  in. 

10.54 

11.49 

Current  Density 

8.3 

8.3 

at  1  p. u.  Load,  0.95 

-  kA/in.2 

Volume,  in.2 

2531 

TABLE  39 

3037 

RESULTS  OF  TRADEOFF  STUDY 

FOR  WILD  FREQUENCY 

DISK  GENERATORS 

FOR  THE  F103  APPLICATION 

Nominal  Rating,  KVA 

150 

180 

5-Minute  Rating,  KVA 

292 

352 

Phases,  Disks 

12,28 

12,36 

Poles 

36 

36 

Base  Speed,  rpm 

700 

700 

Base  Frequency,  Hz 

268 

268 

Magnet  Inner  Radius,  in. 

5.7 

5.7 

Magnet  Outer  Radius,  in. 

7.8 

7.8 

Machine  Outer  Radius,  in. 

8.9 

8.9 

Magnet  Axial  Thickness,  in. 

0.40 

0.36 

Armature  Axial  Thickness,  in. 

0.23 

0.20 

Total  Magnetic  Length,  in. 

20.6 

24.1 

Armature  Current  Density 

13.4 

14.0 

@1.5  p.u.  Load,  kA/in. 2 

' 

Commutating  Reactance,  ohms 

0.121 

0.092 

Volume,  in.2 

5126 

5997 

Power  Density,  KVA/in.2 

0.057 

0.059 

Oil  Flow,  gpm 

36.4 

54.6 

Armature  Current  Density 
@1  p.u.  Load,  kA/in.2 

8.9 

9.3 

the  magnets  in  that  type  of  machine  can  withstand  higher  temperatures,  they  dre 
better  for  those  applications  where  soakback  temperatures  occur.  The  rotor 
eddy  current  losses  are  a  disadvantage,  but  as  long  as  the  resultant  temperatures 
do  not  interfere  with  the  rotor  mechanics,  the  ’oss  problem  may  be  compensated 
for  by  the  capability  of  withstanding  high  soakback  temperatures  (up  to  2503  C) . 
Furthermore,  the  loss  analysis  has  shown  that  by  properly  designing  the  slot 
opening  and  air  gap,  one  can  significantly  reduce  the  losses. 

On  the  other  side,  the  disk  ma  nines  do  not  have  any  electric  rotor  losses 
to  speak  of.  However,  because  of  the  cooling  concept  presently  employed,  disk 
machines  having  an  inside-to-outside  rotor  radius  ratio  of  less  than.  5.8  would  be 
larger  than  the  comparable  cylindrical  machines.  Also,  in  the. case  of  hign 
soakback  temperatures  the  disk  machines  are  at  a  disadvantage  because  maximum 
temperatures  should  be  kept  at  250°  C  or  lower,  the  exact  maximum  depending  upon 
the  magnet  length. 

B.  SOLID  STATE  CONVERSION  DESIGN 

The  solid-stace  conversion  design  on  this  program  was  limited  to  establish¬ 
ing  and  estimating  the  size,  weight,  and  cooling  requirements  of  a  cycloconverter 
with  power  protection  circuits  that  would  be  appropriate  for  each  of  the  systems 
listed  in  Table  25.  In  each  case  an  SCR  type  was  chosen  to  confirm  that  an 
appropriate  power  device  is  available.  The  results  of  this  design  analysis  are 
shown  in  Table  40. 

C.  DISCONNECT  DESIGN  ■ 

Because  a  permanent  magnet  machine  lacks  excitation  control  there  is  no  way 
to  turn  off  the  excitation  wher.  a  fault  occurs.  Fu:lts  in  the  cycloconverter  and 
at  the  output  terminals  of  the  converter  can  be  disconnected  within  the  converter 
Faults  in  the  high  frequency  cables  between  the  input  terminals  of  the  c-pJo- 
converter  and  the  generator,  as  well  as  faults  within  the  generator,  cannot  be 
deenergjized  without  special  devices.  The  disconnect  is  especially  required  in 
a  PM  machine,  where  in  the  event  of  an  internal  machine  fault  or  feeder  fault, 
the  electrical  power  output  must  be  interrupted  without  affecting  normal  engine 
operation.  Maximum  short-circuit  current  levels  for  a  short  at  the  generator 
terminals  can  reach  five  p.u.  for  a  symmetrical  three-phase  effort  and  up  to 
nine  p.u.  for  an  unsyooetrical  fault  (that  is,  a  line-to-neutral  short),  creating 


TAB LX  40 


tremendous  heating.  In  order  to  limit  the  time  duration  of  these  short-circuit 
currents,  a  means  to  interrupt,  eliminate,  or  reduce  the  short-circuit  currents 
must  be  included  within  the  system.  Three  general  protection  concepts  are 
considered  to  be  capable  of  fulfilling  this  requirement. 

a  Interrupt  input  torque 

•  Increase  air-gap  length  to  decrease  effective  air-gap  flux 

•  Interrupt  (open)  circuit 

Initial  work  toward  the  safety  disconnect  was  based  on  the  understanding 
that  a  mechanical,  resettable  disconnect  device  is  required. 

The  mechanical  complexity  of  resettable  disconnect  devices  and  separate 
generator  rotor  support  systems  makes  these  devices  unacceptable  for  engine 
integration  from  the  standpoint  of  reliability.  Therefore,  an  approach  based 
on  a  circuit-interrupt  (fuse  neutral  lead),  nonresettable  disconnect  is  being 
recommended  for  the  selected  disconnect  concept.  This  concept  also  made  it 
possible  to  simplify  the  generator/s tarter  design  by  mounting  the  generator 
rotor  rigidly  onto  the  HP  shaft. 

The  types  of  disconnect  concepts  investigated  during  this  study  are 
discussed  below. 


In-Line  Resettable  Electromagnetic  Disconnect 


This  disconnect  would  be  similar  to  the  one  descrlbeJ  In  AFAPL-TR-78-104, 

In  which  a  solenoid  coll  pulls  an  arhature  plate  toward  it  and  allows  a  sear  to 
move.  Once  the  sear  moves,  the  clutch  plates  are  allowed  *.o  separate  In  the 
axial  direction  and  the  rotor  Is  disconnected  from  the  drive.  The  mechanical 
complexity  of  the  disconnect  device  which  requires  separate  generator  bearings 
and  numerous  machanlcal  part*  -  makes  this  device  unacceptable  Cor  engine 
Integration  due  to  the  need  for  a  high-reliability  device. 

2.  Hydraullc-Actuated  Resettable  Disconnect  Clutch 

Figure  34  shows  the  general  arrangement  of  the  hydraullc-actuated  reset  tab  1 
coupling  In  the  engaged  position. 

A  central  control  unit  monitors  signals  rscslvsd  from  sensors  transmitting 
electrical,  thermal,  and  vibrational  data.  Xa  the  event  of  a  potential  fallura, 
the  solenoid  valve  receives  a  control  -uni t  tosmand  to  open  the  inlet  port  to  the 
actuator  cavity.  Pressurised  oil  froi  the  lube  oil/cooling  circuit  energises 


Figure  34,  Hydraulic- Actuated  Resettable  Disconnect  Clutch, 


the  actuator,  moving  It  against  a  spring  force  to  the  left.  The  piston 
actuator,  which  is  connected  to  a  splined  shaft  through  a  ball  bearing,  disengages 
the  curvic  spline  coupling,  interrupting  the  power  transfer  from  the  HP  shaft  to 
the  generator  rotor.  At  this  point  the  solenoid  valve  moves  to  a  neutral 
position,  blocking  inlet  and  outlet  ports  of  the  actuator  cavity  to  prevent  a 
coupling  reengagement  even  after  a  loss  of  system  lube  pressure. 

Reengagement  (resetting)  of  the  coupling  occurs  only  at  rest  after  the 
solenoid  receives  a  corresponding  signal  to  open  the  discharge  port.  The  spring 
load  then  returns  the  piston  to  the  right  and  reengages  the  tooth  coupling. 

The  disadvantage  of  this  device  lies  in  its  mechanical  complexity,  with 
its  additional  set  of  generator  bearings. 

3.  Tapered  Rotor/Stator  Configuration 

Shown  in  Figure  35  is  a  cross-sectional  view  of  the  tapered  rotor/stator 
configuration  which  is  used  In  certain  Industrial  applications.  An  axial  shift 
of  the  rotor  or  stator  reduces  the  voltage  generated  through  the  increase  in  air 
gap  and  reduction  of  effective  stack  length.  Calculations  have  shown  that  for  an 
axial  rotor  shift  of  2  inches,  for  a  machine  with  an  outside  diameter  of  7.8  inches, 
and  a  stack  length  of  4.66  inches,  the  3-phase  short-circuit  current  would  be 
reduced  to  1.73  p.u.  for  a  caper  angle  of  10  degrees'.  More  arfal  shift,  however, 
is  required  to  reduce  the  short-circuit  current  level  to  thermally  acceptable 
levels  for  continuous  operation. 

The  following  disadvantages  eliminate  this  configuration  from  further 
consideration: 

«.  Additional  axial  engine  space  Is  required. 

e  The  size  of  the  generator  will  increase  as  compared  to  a  conventional 
machine:  The  maximum  rotor  diameter  stay*  the  same  due  to  the 
mechanical  stress  limitations,  while  the  reduced  average  rotor 
diameter  necessitates  an  increase  in  stack  length. 

e  The  high  manufacturing  cost  of  building  such  s  high-speed  tapered 
rotor /stator  machine  makes  this  configuration  undesirable. 

#  The  axial  actuator  mechanism,  which  would  shift  the  scaeor,  requires 
moving  pares  and  reduces  chs  total  machine  reliability. 


4.  Spile  Stator  Approach 

For  this  approach,  the  stator  core  is  fabricated  in  two  half-circle 
sections  which  are  hinged  at  one  side  and  allowed  to  separate  at  the  other  (clam 
shell)  *  The  end-  iims  are  arranged  such  that  no  end-turns  cross  the  gap  at 
which  the  stator  ore  is  to  open.*  Flexible  lead  connections  and  flexible 
cooling  connectioi’s  are  required  at  the  hinged  side  to  allow  movement  of  the 
stator  core  sections. 

Calculations  have  shown  that  for  a  machine  with  an  outside  diameter  of 
7.8  inches,  a  stack  length  of  4.66  inches,  and  an  air  gap  of  0.071  inch^  an 
average  air  gap  increase  of  0.78  inch  is  required  to  reduce  the  3-phase  short-  , 
circuit  current  to  a  thermally  acceptable  level  of  1  p.u.;  that  is,  the  machine 
has  to  be  mounted  in  a  space  which  can  accommodate  an  increase  in  stator 
diameter  to  9.36  inches  in  the  actuated  position. 

The  key  points  of  this  approach  are  as  follows: 

•  Additional  radial  space  is  required. 

•  The  basic  machine  Size  does  not  Increase  since  the  electro¬ 
magnetics  are  not  changed. 

•  Manufacturing  is  not  slgnif icantly  different  from  the  methods 
used  for  conventional  machines.  The  end-turn  connections  and 
cooling  lines  which  croa^  the  hinged  core  gap  have  to  be  arranged 
such  that  they  can  deform  in  case  the  stator  is  opened  by  the 
actuator. 

a  The  actuator  mechanism  which  would  open  the  stator  requires  more 
parts  and  reduces  the  reliability  of  the  total  machine . 

This  concept  is  not  practical  due  to  the  mechanical  complexity  Involved  to 
split  the  stator. 

5 .  Fuse  Neutral  Leeds 

Shown  in  Figure  36  is  the  schematic  diagram  of  a  three-phase  machine  with 
fusee  located  In  the  neutral  leads.  This  configuration  is  shown  for  an  IEG/S 
design  in  Figure  37.  The  high-frequency  line  contactor  in  the  converter  will 
open  in  the  event  of  fault  detection,  removing  the  power  flow  in  the  undamaged 
phase,  but  power  flow  in  the  damaged  phase  would  still  be  present.  Thus  the  fuse 
must  be  located  in  tb‘«  neutral  lead  to  open  the  circuit. 

•This  approach  is  utilised  for  commercial  machines.. 
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Figure  37.  Fuae-Neutral-Lead  Disconnect. 


The  location  of  the  fuse  should  be  as  close  to  the  stator  windings  as 
possible  to  minimize  the  possibility  of  cable  faults  between  the  stator  winding 
and  fuse  location. 

The  fuse  is  a  device  which  is  temperature  sensitive  and  which,  within  the 
normal  engine  operation  ambient  requirements,  -55*  C  to  120®  C,  creates  a 
significant  challenge.  The  -55®  C  would  be  experienced  during  ground  starting 
after  the  engine  had  cooled  to  ambient.  If  failure  of  the  starter/generator 
were  to  occur  during  the  cold  ambient  condition,  the  mission  would  be  aborted. 

After  the  engine  is  running,  the  ambient  temperature  around  the  generator  would 
soon  be  above  0®  C,  which  provides  more  acceptable  fuse  operating  ambient 
temperature  of  0®  C  to  120*  C. 

Two  modes  of  operation  could  be  affected  with  this  concept.  The  first 
would  be  by  normal  fuse  operation.  Currents  above  normal  operation  envelope 
requirements  would  be  experienced  and  after  time  exposure  the  fusable  link  would 
open.  The  second  mode  of  operation  could  be  affected  by  detection  of  an  undesirable 
operating  condition,  and  the  converter  is  programmed  to  short-out  the  generator 
winding  to  blow  the  fuses. 

This  concept  provides  protection  for  all  short  conditions  except  failures 
within  the  same  phase.  Generally,  most  faults  in  the  winding  are  grounding 
faults  at  the  stator  slot  entrance.  Such  faults  arise  from  damaging  the  wire 
insulation,  which  c*n  occur  under  the  following  conditions: 

•  during  winding  Insertion 

•  operational  vibration  -  wires  flexing 

•  electromagnetic  forces  -  wires  flexing 

•  temperature  cycling  -  wires  flexing 

The  above  condition  can  be  minimized. by  adding  stator  end  laminations  which 
serves  as  a  cushion  to  the  end-turn  wires. 

Protection  could  be  provided  for  winding  faults  within  the  sane  phase  by 
the  placement  of  another  fuse  within  the  phase  winding  (Figure  38).  This 
concept  is  feasible  but  is  considered  to  be  lmprsctical  because  it  requires 
doubling  the  number  of  fuses  used.  In  a  nine-phase  generator,  18  fuses  would 
be  required. 
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Figure  38.  Doubly  Fused  3  Phase  Generator. 
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6.  Selected  Disconnect  Approach 

The  fusing  of  the  generator  neutral  leads  provides  the  necessary  fault 
protection  without  compromising  the  reliability  of  the  engine  operation  for  engine 
Integration  of  a  starter/generator.  The.  selected  fuse  approach  for  the  three 
levels  of  integration  being  considered  is  not  new  in  concept  but  is  being 
applied  in  an  area  where  fuses  have  not  previously  been  applied. 

D.  RELIABILITY  AND  MAINTAINABILITY  CONSIDERATIONS 

1.  Electrical  System  Configuration. 

,  The  Integrated  Engine  Generator  study  by  definition  in  the  contract 
utilizes  a  VSCF-type  electrical  system  with  a  permanent  magnet  generator.  This 
is  the  optimum  electrical  system  from  the  standpoint  of  reliability  and  main¬ 
tainability.  The  VSCF  system  utilizes  a  solid-state  electronic  converter  to 
obtain  a  constant  400  Hz  power  from  the  variable-speed  engine  source.  The 
alternate  electrical  system  in  common  use  today  uses  a  Constant  Speed  Drive  (CSD) 
to  obtain  the  constant-frequency  400  Hz  power  from  the  variable  engine  speed. 

The  alternate  to  the  permanent  magnet  generator  is  a  brushless  wound-rotor 
machine . 

a.  Converter 

The  converter  (a  cycloconverter  in  this  study)  has  no  moving  parts  to  wear 
out  and  thus  does  not  require  scheduled  maintenance.  The  CSD,  on  the  other  hand, 
requires  extensive  scheduled  maintenance.  The  reliability  of  the  VSCF  converter 
is  also  higher  than  the  alternate  CSD  so  there  are  fewer  unscheduled  maintenance 
actions  required.  A  recent  electrical  system  power  study  done  under  AF  Contract 
Ho.  F33615-78-C-2018  indicates  the  projected  reliability  of  a  VSCF  converter  with 
GCU  (Generator  Control  Unit)  is  20,000  hours  KTBF  as  opposed  to  a  projection 
of  6700  hours  for  a  CSD  and  its  GCU.  The  maintenance  actions  which  are  required 
on  the  VSCF  converter  are  also  minor  compared  to  those  required  on  a  CSD.  If  the 
built-in  test  circuits  in  the  VSCF  indicate  a  failure  in  the  converter,  the  unit 
can  be  removed  and  replaced  at  the  flight  line  in  twenty  minutes.  Repair  of  the 
VSCF  converter  is  achieved  by  replacement  of  a  plug-in  module  at  intermediate 
level  using  BIT  circuits  and  a  test  connector  to  identify  the  failed  module  or 
assembly.  Over  90  percent  of  the  electronic  parts  in  the  converter  are  plug-in 
assemblies.  The  failed  plug-in  assembly  is  returned  to  depot-level  maintenance 
for  replacement  of  the  failed  component  part. 
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The  pares  used  in  the  converter  have  established-reliability,  JAJf-TX 
(Joint  Army-Navy  Extra  Testing)  quality  to  achieve  high  reliability  and  low 
life-cycle  costs.  Use  of  hybrid  power  modules  with  high  thermal  efficiency  and 
electrically  neutral  cases  improves  reliability  and  simplifies  maintenance  in 
the  power-switching  function  of  the  converter.  The  use  of  Large  Scale  Integrated 
(LSI)  devices  and  microprocessors  for  logic  and  control  circuits  offers  continued 
reliability  improvements  for  the  VSCF  converter. 

b.  Permanent  Magnet  Generator/Starter 


The  permanent  magnet  machine  uses  a  solid  rotor  without  copper  wires  to 
loosen  or  insulation  to  deteriorate.  This  machine's  two  significant  advantages 
over  a  wound-rotor  machine  are  its  superior  reliability  and  efficiency.  In  the 
IEG/3  application  the  PM  machine  will  not  add  any  wearing  parts  to  the  engine. 

The  rotor  mounts  onto  an  existing  bearing-supported  engine  shaft.  The  use  of 
fuses  in  place  of  a  disconnect  mechanism  has  simplified  the  PM  machine  devoted 
for  engine  integration. 

The  PM  machine  is  obviously  the  most  critical  part  of  the  electrical 
system  in  terms  of  impact  on  maintainability,  since  it  is  located  inside  the 
engine.  To  maximize  machine  reliability  the  stator  windings  are  designed  for 
low  current  density,  and  end-turn  supports  are  provided  to  minimize  the 
potential  for  breakdown  at  this  critical  area.  Heavy  insulation  is  also  employed 
to  minimize  the  possibility  of  stator  faults.  The  net  result  of  these  extensive 
measures  is  a  machine  which  has  an  MTBF  of  over  50,000  hours,  including  the 
fused  disconnect,  as  substantiated  by  analysis  in  Section  VII-B. 


Engine  Maintenance  Action 


Failure  of  the  IEG/S  does  necessitate  removal  of  the  engine.  This  apperrs 
to  be  too  high  a  price  to  pay  for  the  Power  Level  I  IE G.  If  the  generator  has  a 
fifty-  to  sixty- thousand-hours  MTBF,  removal  of  the  engine  to  replace  a  generator 
would  be  infrequent  enough,  but  there  is  no  overriding  benefit  for  the  Level  I 
IEG.  For  Level  II  the  maintenance  actions  saved  by  eliminating  the  IDG  electrical 
system  and  starting  system  could  very  well  overshadow  the  maintenance  cost  of 
servicing  an  IEG/S  including  engine  removals. 

For  Level  IIIA  and  Level  III,  the  cost  of  maintenance  i»  definitely  lowered 
with  an  IEG/S.  By  supplying  electrical  power  only,  the  aircraft  secondary  power 
accessory  equipment  is  likewise  simplified.  The  engine-to-aircraft  interface 
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is  simplified  due  to  the  elimination  of  hydraulic  lines  (Levels  1II/ITIA)  and 
air  ducts  (Level  III).  The  aircraf t-to-engine  (Level  III)  interfaces,  therefore, 
are : 

(1)  fuel  lines, 

(2)  electric  wires  and  cables,  and 

(3)  mounting  hardware. 

This  reduces  the  engine  change  time  on  the  aircraft  by  an  estimated  one-half  hour 
for  Power  Level  III.  The  electric-motor-driven  fuel  and  lube  pump  can  be  located 
at  a  convenient ,. accessible  location  for  easy  maintenance.  The  elimination  of 
the  accessory  gearbox,  hydraulic  lines,  and  air  ducts  improves  engine  maintenance 
through  better  accessibility  of  a  "clean"  engine.  The  assessment  of  maintainability 
of  the  aircraft  level  is  necessary  in  order  to  get  a  true  picture  of  the  impact 
of  an  TEG/S  system. 

E.  DESIGN-TO-COST  CONSIDERATIONS 

1.  Ceneral 

The  system  configuration  and  design  features  emphasize  high  reliability 
and  low  maintenance,  which  in  turn  yield  low  life-cycle  costs.  The  emphasis  on 
high  reliability  increases  the  initial  cost  of  high-quality  components,  but  this 
is  more  than  compensated  for  by  decreased  maintenance  and  repair  costs  over  the 
life  o.  the  equipment. 

The  material  used  in  the  machine  is  a  prime  factor  in  driving  up  the 
initial  cost.  The  vanadium  Fermendur  steel  in  the  stator  of  the  machine  and 
the  rare  earth  cobalt  magnets  in  the  rotor  have  both  suffered  severe  cost 
increases  because  cobalt  has  been  in  short  supply. 

The  reliability  of  the  converter  is  not  as  critical  as  the  reliability  of 
the  PM  machine  internal  to  the  engine  since  the  cost  of  repairing  the  converter 
is  considerably  lower.  The  use  of  hybrid-power  SCR  modules  improves  cooling  of 
the  semiconductor  Junction,  yielding  a  significant  Improvement  in  reliability 
compared  to  discrete  SCRs . 

2.  System  I EG/S  Configuration  Compared  to  IDG 

The  IEG/S  configuration,  which  uses  a  solid-state  cycloconverter  to 
convert  the  variable  input  speed  of  an  engine  to  a  constant-frequency  power. 


has  significantly  lower  life-cycle  costs  th.’n  an  IDG  system,  which  uses  a  C.SD 
hvdromechanical  converter  to  obtain  a  constant  frequency.  This  is  due  primarily 
to  the  lower  maintenance  costs  of  a  cycloconverter  compared  to  a  constant  speed 
drive.  The  factors  which  contribute  to  lower  maintenance  costs  of  the  solid- 
state  converter  are: 

(1)  Higher  reliability,  with  much  greater  opportunity  for  improvement 
as  electronic  components  continue  to  develop  and  improve. 

(2)  No  wear  parts.  Life  is  virtually  unaffected  by  load. 

(3)  Low  repair  costs.  Time  and  cost  of  repairing  or  replacing  of 
the  solid-state  converter  are  much  lower  than  they  are  for  the 
constant-speed  drive. 

Figure  39  shows  relative  cost  of  ownership  for  a  VSCF-type  system  and  an  existing 
CSD-type  system.  Initial  investment  costs  are  assumed  to  be  equal.  The  major 
difference  in  the  two  curves  is  due  to  the  much  lower  maintenance  costs  of  the 
VSCF  system.  The  average  cost  of  material  for  maintenance  action  is  $1740  for 
the  CSD  system,  which  compares  with  $293  for  the  VSCF  system.  The  average 
person-hour3  per  maintenance  action  is  22.5  for  the  CSD  system,  which  compares 
with  4.6  for  the  VSCF  system.  Operating  cost  of  a  VSCF  system  is  projected  at 
approximately  10  percent  of  that  of  an  IDG  system.  While  Figure  39  reflects  the 
higher  reliability  of  the  VSCF  system,  the  major  cost  difference  is  the  result 
of  the  lower  repair  cost  of  VSCF.  This  is  illustrated  by  Figure  40  which  shows 
that  the  reliability  of  an  IDG  system  would  have  to  be  ten  times  higher  than  a 
VSCF  system  to  achieve  the  same  low  maintenance  cost. 

Specific  cost  comparisons  for  the  selected  IEG/S  system  and  the  systems 
it  would  replace  in  a  typical  application  (A-10  aircraft)  are  given  in  Section 
VIIrC-5  of  this  report. 

F.  AIR  RESTART  CONSIDERATIONS 

The  following  is  a  general  discussion  about  air  restart  requirements  and 
capabilities  that  pertain  to  the  Levels  II,  IIIA,  and  III  IEG/S  power  classifica¬ 
tions  for  the  engines  being  considered.  (Level  I  is  for  generation  only.) 

The  permanent  magnet  machine  and  cycloconverter  combination  provides  the 
capability  to  generate  power  as  well  as  perform  engine  starting  in  the  air, 
which  allows  for  different  operational  conslderatlose. 
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For  all  classes  of  engines,  it  is  expected  that  the  type  of  starting  to  be 
performed  is  a  cross-start  where  one  channel  of  the  electrical  system  provides 
the  essential  electrical  bus  power  as  well  as  the  electrical  power  to  start  the 
engine.  In  general,  normal  auxiliary  power  units  (APUs)  are  sized  for  low 
emergency  power  extraction  and  are  not  of  sufficient  capacity  to  provide  the 
necessary  power  for  starting.  Thus  in  a  single-engine  aircraft,  the  engine 
could  not  be  started  without  being  within  the  windmill-to-start  engine  envelope. 

In  the  event  of  applying  an  IEG/S  Level  II,  IIIA,  or  III  to  a  single-engine  air¬ 
craft,  attention  must  be  given  to  the  APU  requirements  for  on-board  energy  storage 
equipment. 

In  multiengine  aircraft  applications,  the  IEG/S  was  sized  in  this  study 
for  100  percent  margin  for  twin-engine  aircraft  and  50  percent  margin  for  aircraft 
with  more  than  two  engines.  Thus  the  IEG/S  has  been  sized  to  provide  total 
essential  bus  load  as  well  as  to  have  sufficient  capacity  to  perform  cross-starts 
in  the  air. 

As  discussed  in  paragraph  IV-B-3-b,  there  vould  be  a  transient  degradation 
in  the  electrical  system  power  quality  until  the  IEG/S  being  started  is  brought 
up  to  speed.  In  general,  the  start  torque  requirements  for  an  in-flight  start 
would  be  reduced  due  to  windmill  assistance  and  decreased  air  density  at 
altitude,  conditions  which  would  decrease  the  level  of  degradation  during  start. 

G.  SAFETY  ANALYSIS  -  ELECTRICAL  SYSTEM 

The  following  analysis  is  presented  in  •  format  suggested  by  DI-H-3278  as 
shown  in  Table  41.  The  hazards,  classifications,  and  probability  are  taken  from 
MIL-STD-882A. 

The  principal  hazards  are  those  due  to  the  340V  a.c.  provided  by  the 
generator.  Since  this  can  be  lethal,  a  means  to  prevent  accidental  contact  by 
personnel  la  required,  and  can  be  satisfied  by  providing  suitable  barriers  and 
warnings.  The  eycloconverter  as  well  as  the  generator  will  probably  operate  at 
temperatures  at  which  personnel  can  sustain  burns.  Again,  barriers  and  warning 
labels  are  to  be  used.  Random  component  failures  can  result  in  out-of-safe 
tolerance  conditions  which  would  normally  be  sensed  by  the  protective  networks 
that  would  automatically  remove  electrical  power.  Some  of  these  protection 
networks  do  not  affect  the  system  operation,  even  when  they  have  become  inoperative 
due  to  e  random  component  failure  within  them.  However,  the  protection  would  no 
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Table  41.  IZG/3  electrical  Systea  Hazard  Analysts. 
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longer  be  present,  and  the  system  would  not  shut  down  for  critical  failures. 

The  protective  networks  should  be  separately  tested  periodically  to  ensure  that 
they  provide  the  required  protection. 

H.  INTERFACE  DESIGN  CONSIDERATIONS  -  F404  ENGINE 

Section  1.0  of  "Addendum  A,  Drawings”  contains  IEG/S  conceptual  layouts 
and  overall  engine  cross-sectional  drawings  defining  the  IEG/S  interfaces  and 
showing  the  relative  location  of  the  IEG/S  within  the  F404  engine. 

1.  Effect  Upon  Engine  Rotor  Dynamics 

No  vibration  analysis  was  performed  on  the  F404  with  integrated  generator/ 
starter  systea  because  it  became  apparent  in  the  preliminary  design  studies  that 
the  F404  would  not  qualify  for  IEG/S  integration  due  to  space  limitations  as 
discussed  in  Section  IV. 

2.  Containment  of  Failed  Parts 

No  containment  analysis  was  performed  for  this  design  due  to  the  same 
reason  given  In  the  preceding  paragraph. 

3.  Support  Structure  Modifications 

The  changes  required  in  order  to  Incorporate  the  IEG/S  system  into  the 
F404  engine  are  tabulated  In  Table  42. 

4.  Maintenance/Overhaul  Accessibility 

The  accessibility  of  the  IEG/S  for  melntenance  or  overhaul  requires  more 

time: 

•  Engine  removal  from  the  aircraft  (7404  Is  fuselage-mounted 
In  the  7-18).  The  O.S. -Navy -spec if led  time  for  engine 
removal/replecemeot  is  21  minutes. 

e  Removal  of  the  IEG/S  from  the  engine  on  the  shop  level. 

This  requires  qualified  people,  tools,  and  inspection 
equipment  for  engine  front-end  disassembly /reassembly. 

Removal  and  replacement  of  the  fan  (booster)  module  can 
be  achieved  la  the  elapsed  time  of  190  minutes  and  390 
mnri  mi  antes  of  labor. 


TABLE  42 

IEG/S  ENGINE  MODIFICATIONS  FOR  F404 
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No  Dwg./Diak  PM  machine  dimension:  14.0  in.  dia 

x  27.5  in.  length. 


The  removal  of  parts  involves  the  following  major  components  listed  in 
the  order  of  their  reaoval: 

•  Fan  modules 

•  Fan  stub  shaft  and  bearing  support 

•  IEG/S  module  and  disconnect 

The  Installation  of  a  new  or  overhauled  IEG/S  is  completed  in  the  reverse 

order. 

5 .  Environmental  Conditions  at  the  IEG/S  Location 

The  mid  sump  -  the  area  in  which  the  IEG/S  is  located  -  does  not  provide 
sufficient  space  to  locate  the  generator/starter  without  significant  engine 
modifications  which  result  in  lengthening  the  engine  as  described  in  Table  42. 

The  environmental  conditions  are  more  severe  than  in  the  high  bypass 
engines.  The  alr/oll  (MIL-L-7898  oil)  mixture  within  the  mid-sump  area  is 
estimated  to  be  350*  F  during  operation.  The  pressure  in  the  mid  sump  is  15  to 
20  psi  above  ambient.  The  temperature  at  startup  may  be  as  low  as  -65*  F  per 
military  specification. 

Typical  engine  lube  oil  supply  (inlet)  temperatures  run  from  200*  E  to 
300*  F.  The  engine  lube  oil  flow  is  9.5  gpm. 

J.  INTERFACE  DESIGN  CONSIDERATIONS  -  F103  ENGINE 

Section  2.0  of  "Addendum  A,  Drawings"  contains  IEG/S  conceptual  layouts 
and  overall  engine  cross-sectional  drawings  defining  the  IEG/S  interfaces  and 
showing  the  relative  location  of  the  IEG/S  within  the  F103  engine  . 

1.  Effect  Upon  Engine  Rotor  Dynamics 

The  vibration  analysis  performed  on  the  F103  was  based  on  the  layout 
drawing  no.  4013271-030  representing  the  300  KVA  Power  Level  IXIA  straddle- 
mounted  generator  rotor  on  its  own  bearing  support. 

A  brief  description  of  the  results  from  this  study  follows. 

Dynamic  Responses  of  Low  Pressure  System  Imbalance 

This  proposed  design  influences  two  modes.  The  first  Is  the  mid-shaft 
bending  mode,  which  In  the  F103  is  lowered  from  4804  rpm  to  4529  rpm  for  the 
IEG/S  design.  This  mode  Is  lowered  due  to  moving  the  No.  2  bearing  forward 
3.6  Inches  and  thereby  Increasing  the  length  of  the  LF  shaft.  Lowering  this 
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mode  is  not  favorable  because  now  there  is  only  10  percent  margin  above  redline 
speed  (4100  rpm) .  This  is  below  accepted  design  practice,  which  specifies  that 
20  percent  margin  for  calculated  values  is  necessary.  The  second  mode  influenced 
by  this  redesign  is  a  mode  characterized  by  the  fan  rotor  and  nacelle  translating 
from  the  fan  frame.  This  mode  is  raised  from  3757  to  3978  rpm  and  is  in  a 
favorable  direction.  The  reason  this  is  a  more  optimum  location  is  that  this 
mode  on  the  F103  is  observed  at  approximately  3700  rpm,  which  is  at  the  takeoff 
power  setting,  and  will  now  be  above  this  power  setting. 

Dynamic  Response  of  High  Pressure  System  Imbalance 

The  system  dynamic  response  associated  with  HP  imbalance  are  not  adversely 
affected  by  this  design  change. 

Use  of  the  starter/generator  on  the  present  production  F103  turbofan  is 
not  feasible  from  a  system  dynamics  standpoint. 

Design  changes  to  improve  (raise  the  LP-shaft  critical  bending  mode  or 
depress  activity  by  damping)  the  engine  rotor  dynamic  character  are  hereby 
suggested  but  are  not  analytically  substantiated: 

•  Increase  LP  shaft  diameter  -  This  change  would  also  Increase 
the  HP  shaft  diameter,  thereby  making  a  major  redesign  of  the 
engine  necessary . 

e  Explore  the  use  of  squeeze  film  damper  -  This  would  be  a 
feasible  approach  if  activity  at  the  becking  exists. 

Applicable  only  for  low  or  moderate  unbalance.  Adverse 
effects  (response)  would  exist  in  a  fan-blade-out  condition . 

e  Use  a  lighter  fan  (rotor  and  blades)  -  This  would  probably 
help  if  the  most  responsive  mode  Involves  mass  coupling  of 
the  fan  rotor  with  strain  energy  activity  in  the  L?  shaft. 

2.  Containment  of  Failed  Rotor  Patts 

Ho  IEG/S  rotor  burst  containment  analysis  was  performed  for  this  application 
due  to  the  multitude  of  conceptual  IEG/S  designs  that  would  have  to  be  covered. 

A  general  discussion  on  containment  Is  found  in  Section  VIX-B. 

3.  Support  Structure  Modifications 

The  changes  required  In  order  to  Incorporate  the  IEG/S  system  Into  the 
F1C3  engine  are  tabulated  in  Table  43. 
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IEG/S  ENGINE  MODIFICATIONS  FOR  FI 03 
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No  drawlng/cyl.  Requires  lengthening  the  engine  Considered  unacceptable 

No  drawing/ disk  Requires  lengthening  the  engine 


4.  Maintenance/Overhaul  Accessibility 


The  accessibility  of  the  IEG/S  for  maintenance  and  overhaul  requires  tao re¬ 
time : 

•  Engine  removal  from  the  aircraft.  (The  F103  la  pylon-  or 
tall-mounted.)  Using  a  crew  of  five,  engine  replacement  on 
the  aircraft  is  estimated  to  require  2  to  2.5  hours  for 
pylon-mounted  engines  and  3  to  4  hours  for  tail-mounted 
engines . 

e  For  the  IEG/S  to  be  removed  from  and  reinstalled  into  the 
engine  is  estimated  to  require  4  to  5  hours.  Thid  work 
has  to  be  performed  at  the  shop  level. 

The  removal  of  parts  involves  the  following  major  components,  listed  in 
the  order  of  their  removal: 

•  Fan  module 

•  Fan  stub  shaft  and  bearing  support 

•  IEG/S  module  and  disconnect 

The  installation  of  a  new  or  overhauled  IEG/S  is  completed  in  the  reverse 

order. 

5.  Environmental  Conditions  at  the  IEG/S  Location 

The  forward  sump  area  of  the  F103  provides  a  large  space  for  the  PM 
generator  integration. 

The  environmental  conditions  in  this  cavity  are  acceptable  for  PM- 
machlne  operation.  The  air-oil  (MIL-L-23699  or  MIL-L-7808)  mixture  within  the 
forward  sump  averages  between  225*  F  and  275*  F  during  operation.  The 
corresponding  pressure  is  1  to  2  psl  above  ambient. 

The  minimum  temperature  at  startup  is  specified  at  -65*  F.  Typical  engine 
lube  oil  supply  temperatures  during  engine  operation  are  165*  F  to  210*  F.  The 
total  engine  oil  flow  is  16.5  gp>* 

K.  IWTERFACE  DESIGN  CONSIDERATIONS  -  TF34  ENGINE 

Section  3  of  "Addendum  A,  Drawings"  contains  IEG/S  conceptual  layouts  and 
overall  engine  cross-sectional  drawings  defining  the  IEG/S  Interfaces  and  showing 
the  relative  location  of  the  IEG/S  within  the  TF34  engines. 


■% 

1.  Effect  Upon  Engine  Rotor  Dynamic* 

No  vibration  analysis  vas  performed  on  the  preliminary  design  of  the  straddle 
mounted  self-supporting  generator/starter  concept.  However ,  the  design  which 
was  chosen  for  detail  design  and  analysis  purposes  is  a  T734  engine  with  a  HP- 
shaft-mounted  generator/starter.  The  results  of  the  vibration  anaysis  for  the 
selected  design  are  given  in  Section  7II-B. 

2.  Containment  of  Failed  Rotor  Parts 

For  a  discussion  on  IEG/S  -  rotor  burst  containment,  see  the  analysis 
provided  in  Section  VII-B. 

3.  Support  Structure  Modifications 

The  changes  that  would  be  necessary  to  Incorporate  the  IEG/S  system  into 
the  TF34  engine  are  tabulated  in  Table  44. 

4.  Maintenance  Overhaul  Accessibility  t 

The  accessibility  of  the  IEG/S  for  maintenance  and  overhaul  requires  more 

time: 

•  Engine  removal  from  the  aircraft.  (The  TF34  is  fuselage-pod- 
mounted  on  the  A- 10.)  Using  a  crew  of  four,  the  estimated 
engine  replacement  time  for  this  configuration  is  two  hours. 

•  IEG/S  removal  from  and  reinstallation  into  the  engine. 

This  sequence  is  estimated  to  require  three. to  four  hours. 

This  work  has  to  be  performed  at  the  shop  level. 

The  removal  of  parts  involves  the  following  major  components,  listed  in  the 
order  of  their  removal: 

•  Fan  module 

•  Fan  stub  shaft  and  bearing  support 

•  IEG/S  module  and  disconnect 

The  installation  of  a  new  or  overhauled  IEG/S  is  completed  in  the  reverse 

order. 

5.  Environmental  Conditions  at  the  IEG/S  Location 

The  A-sump  area  (between  fan  and  compressor)  of  the  TF34  provides  sufficient 
space  for  the  IEG/S  integration.  It  allows  packaging  generator /starters  of  the 
highest  considered  power  level  (1XI>, 
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TABLE  44 

IEG/S  ENGINE  MODIFICATIONS  FOR  TF34 
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The  environmental  conditions  in  this  cavity  are  acceptable  for  PM-machine 
operation.  The  temperature  of  the  air-oil  (MIL-17808  or  MIL-23699)  mixture 
within  the  A-sump  area  is  estimated  to  be  the  same  as  the  scavenge  oil  temperatur 
which  ranges  from  2508  F  to  300*  F.  The  sump  pressure  is  1.0  to  2.0  psid  above 
ambient.  Minimum  temperatures  at  startup  can  go  as  low  as  -65*  F  per  military 
specifications.  Oil  supply  temperature  during  engine  operation  stabilizes 
between  200“  F  and  250*  F.  The  present  total  engine  oil  flow  is  8.5  gpm. 

L.  COMPARISON/ANALYSIS  OF  DESIGN  CONCEPTS 

1 •  Parametric  Tradeoff  Analysis 

The  purpose  of  this  tradeoff  study  is  to  evaluate  four  power  levels  for 
each  of  the  three  3elected  engines  and  to  provide  an  indication  of  relative 
attractiveness  of  each  IEC/S  system  and  its  application. 

a.  Tradeoff  Study  Approach 

To  compare  the  different  systems,  a  set  of  trade  criteria  is  established 
which  uses  a  numerical  ranking  system  as  follows: 

•  Value  factors  rate  the  system  on  a  scale  from  1  to  5, 

5  being  the  "best"  value. 

•  The  nerit  (weighting)  factors  determine  the  relative 
importance  of  a  specific  trade  characteristic. 

•  Multiplying  the  value  factor  with  the  merit  factor  and 
summing  it  up  results  in  a  total  numerical  trade  value. 

This  trade  value  is  used  to  compare  the  relative  worth 
(payoff)  of  systems  to  each  other  and  to  a  baseline  con¬ 
figuration.  The  baseline  configuration  is  defined  as 
the  production  engine  with  conventional  secondary  power 
extraction. 

b.  Merit  (Weighting)  Factors 

The  secondary  power  system  merit  factors  are  listed  in  Table  45.  The 
ranking  for  the  established  trade  characteristics  is  based  on  engineering 
judgement  and  design  philosophy.  The  merit  factors  are  based  on  a  scale  from  1 
to  10,  10  representing  the  most  important  characteristics . 


TABLE  45 


SECONDARY  POWER  SYSTEM  MERIT  FACTORS 


Weight 
Reliability 
Maintainability 
System  Efficiency 
Frontal  area 

IEG/S  Integration  Severity 


1*0*  F103  TF  34 

9  9  9 

10  10  1C 

7  7  7 

6  6  6 

10  6  g 

4  4  4 
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c .  Rat/onale  and  Assumptions  Behind  Value,  Factor  Rat ings 

The  tradeoff  Is  performed  by  assigning  value  ratings  to  the  character  1st ics 
of  each  specific  system. 

Weight 

Weights  were  derived  fro*  preliminary  design  layout  drawings,  existing 
components,  and  weight  trend  curves.  Figure  41  shows.  IDG  and  cycloconverter 
weights  as  functions  of  system  KVA  ratings.  Figure  42  shows  the  relationship 
between  oil-cooled  induction  motor  weights  and  continuous  motrr  power  rating. 

For  determining  motor  weight,  continuous  motor  power  rating  Is  0.75  times  the 
transient  operating  power  requirements  (50  percent  overload). 

High  frequency  feeder  cables  ate  used  between  the  generator  and  the 
converter.  Each  cable  consists  of  seven  wires,  twisted  and  shielded.  A  weight 
chart  for  cables  is  given  for  various  system  ratings  in  Table  46.  Table  47 
presents  the  weight  summary  comparison  between  the  baseline  configuration  and 
the  I EG/S  configuration. 

The  weight  value  factor  has  the  following  definition: 

Weight  Value  Factot 
5 

4 

3  (Base; 

2 
1 

IDG  System 
ng 

Reliability 

Reliability  data  for  this  tradeoff  analyeia  were  taken  from  three  sources: 

a)  Commercial,  from  GE-AEG  data  bank 

b)  Military,  from  AFM  66-1  raport 

c)  Analytical,  for  nav  applications 

Tabla  48  provides  reliability  of  englne/alrcraft  accessory  line  replacement, 
unit  (LRU)  from  commercial  service  of  CF6  (F103)  engines.  Tabla  49  provides  field 
reliability  raport  data  for  CSD-ganarator  unite  reported  In  the  military  66-1 


AWT 

KVA 


AWT 
KVA 

-0.50  or  less 
-0.20  to  -0.50 
-0.20  to  +0.20 
+0.20  to  +0.50 
+0.50  or  greater 

WT  I EG/S  System  -  WT 


System  KVA  Rati 


Weight,  lb 


Figure  41,  Weight  rerun  Power  for  IDG  end  Cycloeonverters. 
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Horsepower 


TABLE  46 

HIGH  FREQUENCY  POWER  CABLE  WEIGHTS 


System 

to. 

Individual 
Wire  Size 

lb/  ft 

40 

2 

#12 

0.4 

75 

4 

#12 

o.a 

90 

3 

#10 

0.9 

120 

; 

#10 

1.2 

200 

a 

#10 

2.4 

300 

12 

#10 

3.6 

IBS 


table  ;a 


RELIABILITIES  OF  ACCFSSOP1ZS  AND 


RELATED  C OffPOSEHTS 


Lin«  Replaceable  Unit 

Oelays/Cancel 

Per  10  *  H ours 

Replacements 

Per  J0ft  Hours 

Hydraulic  Pump 

SO 

89  0 

Starter 

41 

179 

Fuel  Control 

37 

117 

Lube  Pressure  Sensor 

W, 

40 

Lube  &  Scavenge  Pump 

12 

IS 

Starter  Air  VaJve 

8 

171 

TABLE  49 

CSD-SYSTEM  RELIABILITY  (MTBF -HOURS) ;  66-1  DATA  FOR  SIX  MONTHS  ENDING  30  APRIL  1979 
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report.  Through  elimination  of  the  highest  and  lowest  value  of  the  above  data, 
an  average  MTBF  of  1742  hours  results  for  the  CSD  and  2903  hours  MTBF  for  the 
generator.  This  is  equivalent  to  574  failures  per  10^  hours  for  the  CSD  and  344 
failures  per  10^  hours  for  the  generator. 

Cycloconverter  field  reliability  is  reported  to  be  80  failures  per  10& 
hours  or  an  MTBF  of  12,500  hours  for  generation  only  and  100  failures  per  10^ 
hours  for  the  more  complex  starting/generating  mode. 

An  electric  induction  motor  reliability  of  100  failures  per  10^  hours 
(10,000  hours  MTBF)  looks  realistic  for  a  maximum  transient  speed  of  7500  rpm. 

Unscheduled  engine  removals  (UER)  due  to  accessory  drive  system  failures  ■ 
are  listed  in  Table  50.  Data  from  the  TF34  engine  are  used  for  tradeoff  study 
purposes. 

The  goal  of  IEG/S  reliability  was  set  by  GE  at  50,000  hours  MTBP  including 
the  safety  disconnect.  The  self-supported  generator/starter  with  mechanically 
resettable  disconnect,  shown  in  Figure  43,  did  not  meet  this  goal;  therefore, 
a  new  design  with  an  HP-shaf t -mounted  generator/starter  rotor  and  an  electrical 
disconnect  was  chosen  and  is  analyzed  in  Section  VII-B.  The  results  show  that  an 
MTBF  of  50,000  hours  (or  a  failure  rate  of  20/1 0^  hours)  is  achievable. 

The  reliability  of  the  PM  disk  machine  was  not  analyzed.  However,  higher 
mechanical  complexity  and  higher  parts-count  contribute  to  lower  reliability. 

The  reliability  of  the  PM  disk  machine  was  arbitrarily  chosen  to  be  20  percent 
lower  than  the  cylindrical  PM  machine,  which  would  make  it  24  failures  per  10^ 
hours . 

Table  51  compares  the  reliabilities  of  conventional  secondary  power 
extraction  systems  to  the  IEG/S  concept. 


The  reliability  value  factor  has  the  following  definition: 


UER  x  10”^  Hours 

Individual  Reliability 

LRU  x  10-6  Hours 

Value  Pactor 

<20 

5 

<200 

o 

1 

H 

<M 

4 

201  -  400 

31-40 

3 

401  -  600  . 

41-50 

2 

601  -  800 

>30 

1 

>800 

|  The  sum  of  Individual  UER  rating  plus  LED  rating  la  used  in  the  final  tradeoff 


matrix  for  the  combined  reliability  value  factor. 


TABLE  50 


ENGINE  DRIVE  SYSTEM  RELIABILITIES 
UNSCHEDULED  ENGINE  REMOVALS 
(UERJ/106  HOURS 


ENGINE  FLIGHT  HOURS 
PERIOD 

POWER, TAKEOFF 
TRANSFER  GEARBOX 
ACCESSORY  GEARBOX 


UER  UER 

TF34/S3A  F103  (CFfr-sni 

134,802  1,851,113 

7/77  to  7/78  3/78  to  2/79 

7-*2  7.56 

1.62 

22.25  1.08 


TOTAL. 


UER 


106  hours 
DRIVE  SYSTEM  MTBF,  hours 


29.7 

34,000 


10.26 

97,000 


UER 

CF6-6 

1,616,389 

3/78  to  2/79 

3.71 

4.33 

1.85 

9.89 

100,000 


TABLE  51 

COMPARISON  OF  SECONDARY  POWER  SYSTEM 
RELIABILITIES  -  FAILURES  PER  106  HOURS 


IK/S  STS  mi  -  TF34,  P404,  P103 


As  can  be  seen  from  the  results  of  Table  5J ,  Power  Levels  I  and  II  are 
not  favorable  in  respect  to  the  UER  rates.  Power  Levels  IIIA  and  III  show 
definite  improvement  in  overall  reliability.  Expected  LRU  removal  rate  drops 
by  a  factor  of  6.3  for  the  IEG/S  Power  Levels  IIIA  and  III. 


?laintalnabillty/Accessibllit^ 


The  maintainability/accessibility  value  factors  are  defined  as  follows: 


Item 


Maintainability 
Value  Pactor 


Internal  engine-mounted  1 

components 

Core  location  (high  bypass)  2 

External  frame  3  to  5 


System  Efficiency 


The  following  typical  average  component  efficiencies  were  used: 


Mechanical  drive  system:  ■  0.97 

IEG/S  PM  cylindrical  machine  efficiency:  IEG  -  0.93 

Cycloconverter  3  c  "0.93 

Wound  rotor  generator,  gearbox  mounted:  *  0  85 

CSD  hydromech.  drive/without  generator:  ^CSD  "  0-®® 

Electric  induction  motor  efficiency:  *0.88 

Rased  on  the  above  efficiency  data  and  a  PF  of  one,  the  overall  system 
efficiency  is  derived  as  shown  in  Table  52.  The  fuel  (and  lube)  pumps  are  not 
included  in  the  efficiency  tradeoff.  However,  a  variable-speed  electrically 
driven  fuel  pump  improves  pumping  efficiency  considerably.  Fixed-displacement 
fuel  pumps  driven  off  the  accessory  drive-train,  for  example,  require  flow  bypass 
control,  which  results  in  undesirable  fuel  temperature  rise  and  less  engine  oil 
cooling  capability. 

Gear  pump  efficiencies  of  80  to  85  percent  could  be  realized  without  bypass 
requirements.  This  compares  with  70  to  75  percent  pumping  efficiency  for  a  10 
percent  bypass  ratio.  The  Power  Level  II  efficiency  is  not  listed  because  starter 
efficiency  is  not  analyzed  and  the  generation  level  is  equal  to  Power  Level  I. 

It  was  not  within  the  scope  of  this  study  to  utilize  the  excess  power  generation 
capacity  of  the  starter.  Optimization  of  Power  Level  II  has  a  higher  potential 


nVSCF  "  0,78 
nlDG  -  0.75 
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Chan  the  results  of  this  study  Indicate. 

The  system  efficiency  value  rating  is  based  on  the  overall  system  efficiency 
change  in  comparison  to  the  baseline  configuration  as  determined  below: 

System 
Efficiency 

Difference  With  Efficiency 

Baseline _  Value  Factor 

Degradation 
Base,  0 
Improvement 

Frontal  Area 

The  frontal  area  variation  of  an  engine  due  to  accessor  drive  components 
and  accessory  installation  depends  on  the  particular  engine  configuration.  In 
the  case  of  wing-  or  fuselage-pod-mounted  engines,  the  nacelle  aerodynamic  arag 
is  directly  affected  by  the  engine  frontal  area.  The  highest  benefit  in  installed 
engine  performance  (drag  reduction)  is  for  aircraft  operating  at  near-sonic 
speeds,  applicable  to  low  bypass  engines  (F404)  or  pure  jets. 

With  turbofan  engines,  the  geavbox  is  normally  located  either  on  the 
circumference  of  die  fan  case  (F103)  or  on  the  circumference  of  the  core  (TF34) . 
Locating  the  gearbox  on  the  fan  case  contributes  directly  to  engine  frontal  area. 

With  the  gearbox  on  the  engine  core,  frontal  area  is  not  affected  because  it  is 
hidden  in  the  engine  shadow. 

Frontal  area  value  rating  for  the  base  engine  la  based  on  a  percentage  of  engine 

frontal  area.  Frontal  areas  (Table  53)  are  derived  from  existing  engine  information. 
The  definition  of  the  frontal  area  value  rating  for  the  base  engine  follows: 


Drive  System 

Z  of  Engine  Area 

Frontal 
Area  Value 
Rating 

<2 

5 

2-5 

4 

5-8 

3 

8-12 

2 

>  12 

1 

TABLE  53 

COMPARISON  OP  DRIVE  SYSTEM  FRONTAL  AREAS 


Engine 

TF34 

F404 

F103 

ACB  location 

Core 

Mid  Frame 

Fan  Frame 

Engine  max  dia.,  in. 

49.0 

34.8 

92.0 

2 

Engine  frontal  area,  in. 

1885 

951 

f>f> 48 

Drive  system  7  of  engine  area 
outside  of  engine  shadow 

within 
eng ine 
envelope 

20.0 

10.5 

Frontal  area  value  rating  (base) 

5 

1 

2 

TABLE  54 

GUIDELINES  FOR  IEG/S  SEVERITY  RATING 


Changes  Required 


Integration  Severity  Rating 


•  Major 

Air  flow  path  Modification  no-go 

Stretched  engine  >5  inches  no-go 


Stretched  engine  <5  inches 
Increased  LP-shaft  diameter 
Increased  main  bearing  size, dlaaeter 

e  Moderate 

Generator  stator  support  (fan  case) 

Shaft  ml'. 'if lea t ion  (stub-,  L?“,  HP-shaft) 


e  Minor 

Coblant  and  lube  supply  ports 
Electric  wiring  channels 
Accessory  drive 
Bearing  support  housing 


1 


2-3 


4 


14# 


Base 


5 


IEG/S  Integration  Severity 


Engine  changes  required  to  integrate  the  IEG/S  were  determined  from  pre¬ 
liminary  layouts.  A  summary  of  required  changes  is  listed  under  "Support 
Structure  Modifications,"  which  appears  as  subsection  3  of  Sections  VI-H, 

VI-J,  and  VI-K. 

The  IEG/S  Integration  severity  rating  is  based  on  the  guidelines  shown  in 
Table  54. 

2 .  Tradeoff  Study  Evaluation 

Tables  53  through  57  present  the  computation  of  trade  values  in  matrix 
form.  Comparisons  are  shown  between  the  tradeoff  values  of  the  IEG/S  system 
and  the  baseline  engine.  In  each  of  the  tables,  the  TF34  i9  shown  to  have  the 
highest  absolute  trade  value  of  the  three  candidate  engines.  A  comparison 
between  the  three  tables  indicates  that  the  IEG/S  system  for  Power  Levels  III  and 
II IA  offers  the  highest  payoff  relative  to  the  baseline  configuration. 
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SECTION  VII 

DETAILED  DESIGN  DEFINITION  OF  SELECTED  IEG/S  AND  ENGINE 


This  section  provides  information  on  the  rationale  used  to  determine  the 
final  engine/power  level  selection.  Furthermore,  the  results  of  an  in-depth 
design  analysis  relevant  to  the  selected  configuration  are  discussed  and 
complemented  by  explanatory  descriptions  of  major  PM  machine  components.  Inter¬ 
faces  between  the  engine  and  the  starter/generator  are  defined  by  design  lavouts. 
The  advantages  and  disadvantages  of  the  IEC/S  design  are  compared  to  those  of  the 
baseline  engine. 

A.  BASIS  FOR  SELECTION  OF  TF34  ENGINE  AT  LEVEL  III  ELECTRICAL  POWER  EXTRACTION 


A  multitude  of  electric-only  and  .hybrid  secondary  power  extraction  systems 
based  on  the  IEG/S  concept  were  studied  and  numerically  ranked  for  three  engine 
categories.  The  results  of  this  tradeoff  evaluation  performed  In  Section  VI -L 
assisted  the  selection  of  the  TF34  Power  Level  III  combination. 

It  is  appropriate  to  caution  the  reader  not  to  conclude  that  the  selected 
engine  category/power  level  ia  an  optimum  for  all  applications.  This  study 
provides  ample  information  to  apply  the  guidelines  used  in  this  report  for  other 
candidate  IEG/S  applications  which  might  be  considered. 

Major  considerations  which  led  to  the  selection  of  the  TF34  with  Power 
Level  III  and  a  cylindrical  PM  machine  are  summarized  below: 

TF34 

•  The  TF34  engine  la  a  widely  used  engine  in  the  USAF,  and  is  therefore 
readily  available  from  AF  inventory  for  IEG/S  integration. 

•  Because  they  are  small,  the  1734  engine  and  the  integrated  electric 
starter/generator  are  leas  costly  and  easier  to  build  than  all  other 
candidate  configurations  investigated.  ' 

e  The  T734  is  presently  used  on  multlengine  aircraft  (A-10) ,  an  advan¬ 
tage  for  the  flight-test  phase.  Moderate  changes  to  the  baseline 
engine  are  required  for  IEG/S  incorporation. 


Power  Level  III 


The  highest  possible  power  level  possesses  the  potential  for  maximum.  payoff. 
The  TF34  is  the  only  study-engine  to  allow  Power  Level  III  integration. 

Cylindrical  PM  Machine 

The  selection  of  the  cylindrical  PM  machine  over  the  disk-type  machine 
has  the  following  rationale: 


e 

simple  design 

e 

higher  reliability 

• 

lower  development  risk 

e 

more  design  flexibility 

e  ' 

good  stator  cooling 

e 

easier  assembly 

e 

fewer  parts 

a 

lower  cost 

Further  design  considerations  adopted  for  the  selected  design  are  electrical 
(fused)  disconnect  and  HP-shaft-mounted  genera tor/star ter  rotor. 

B.  DESCRIPTION  OF  SELECTED  GENERATOR/ENGINE  INTERFACE 

Figure  44  shows  the  location  and  general  arrangement  of  the  integrated 
generator/starter  within  the  TF34  engine. 

The  generator  permits  a  Power  Level  III  secondary  electric  power  extraction 
of  120  KVA  (system) .  The  PM  machine  functions  as  a  starter  (motor)'  and  starts 
the  TF34  in  23  seconds  when  limited  to  90  KVA  input  power. 

1.  Design  Description.  General 

The  IEG/S  is  an  oil-cooled  permanent  magnet  machine  which  provides  rated 
system  power  over  the  speed  range  of  9380  rpm  (min  idle  at  -65°  F,  S.L.  static) 
to  17,600  rpm  (takeoff  condition).  The  IEG/S  is  located  in  the  forward  sump 
(A-sump)  area  with  the  IEG/S  rotor  mounted  directly  to  the  HP  shaft.  Engine 
protection  is  provided  in  the  form  of  an  electrical  safety  disconnect  described 
in  Section  VI-C. 


2.  Engine /Genera tor  Interfaces 

The  IEG/S  unit  is  Integrated  into  the  existing  TF34  with  moderate 
modification  requirements. 

The  forward  frame  (fan  frame)  provides  the  structural  support  for  the  IEG/S. 
Four  hollow  fan  frame  struts  are  used  to  pass  cooling  oil  lines  and  electric 
cablet,  aa  well  as  engine  service  lines  such  as  lube  oil,  seal  pressurizing  air. 
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and  lube  scavenge  lines.  Figure  45  identifies  the  above-mentioned  transfer  lines 
and  their  respective  strut  locations.  No  change  is  required  to  the  exterior  strut 
shape  within  the  flowpath.  The  electric  harness  is  part  of  the  fan  frame  and 
does  not  require  removal  during  generator  replacement.  The  electric  harne?-'- 
passes  through  the  top  strut  and  is  sealed  as  shown  in  Figure  45. 

Nine  power  leads,  connected  to  the  power  terminals  on  the  f»  support 
ring,  combine  into  six  cables  of  approximately  0.50  inch  diame:.‘-  each,  which 
lead  to  the  engine  exterior.  The  seal  between  the  housing  ar.-i  the  six  cables  is. 
achieved  by  an  intermediate  plug  which  is  permanently  bonded  to  the  cable  bundle 
(harness) .  The  cooling  oil  connections  are  made  automatically  at  the  time  of 
generator/starter  installation.  Oil  collector  grooves  on  either  end  of  the  stator 
housing  correspond  with  their  respective  inlet  and  outlet  ports.  The  structural 
support  of  the  generator /starter  is  achieved  through  a  hub-like  structure 
integrated  into  the  fan  frame  which  provides  the  radial  and  axial  support  as  well 
as  providing  for  torque  reactions.  The  generator/starter  rotor  is  mounted  rigidly 
onto  the  HP-shaft  extension  supported  by  the  main  shaft  engine  bearings.  For 
easy  installation  of  the  generator  rotor  subassembly,  an  intermediate  sleeve  is 
used  to  retain  the  four  individual  rotor  disks.  Torque  is  transferred  through 
a  fixed  spline  connection  (which  does  not  have  to  accommodate  for  any  misalignment) 
on  the  HP  shaft  and  a  key  on  the  disk  side.  The  disks  are  shrunk-fit  onto  the 
sleeve.  The  generator  rotor  module  is  retained  on  the  HP  shaft  by  a  spanner  nut 
with  mechanical  locking  device. 

3 .  Generator/Starter  Cooling 

Cooling  of  the  IEG/S  is  provided  by  engine  oil  which  is  circulated  through 
cooling  passages  around  the  PM  machine  stator.  The  heat  from  the  generator  rotor 
is  dissipated  through  conduction  into  the  HP-shaft  and  the  air-oil  mixture  of  the 
A-sump.  Oil  sllngers  on  either  end  of  the  rotor  deflect  the  oil  away  from  the 
end  turns  to  prevent  erosion  caused  by  the  impact  of  high  velocity  oil  droplets. 
Engine  oil  has  an  lhlet  temperature  ranging  from  200  to  250*  F  and  is  supplied 
by  the  engine  lube  oil  pump. 

The  required  cooling  oil  flow  (Q  -  gpm>  depend*  on  the  heat  removal  rate 
(q  -  BTU/min. )  and  the  allowable  coolant  (oil)  temperature  rise  (AT) .  The  heat 
removal  rate  is  defined  by  the  following  relationship: 


Electric 


q 

q 


m  x  Cp  x  AT 
kHt  X  57 

kWT  ■  Power  loss 

L 

m  »  Mass  flow 
Cp  *  Specific  heat 


AT 


Allowable  temperature  rise 
of  coolant 


{BTU/min . } 
{BTU/min. } 

(kW> 

(lb/min. } 
{BTU/lb.-  °F) 

f°F} 


The  cooling  oil  flow  is  defined  by  the  following  relationship: 


57  x  kW 

Q  *  m  -  L 

P  Cp  x  AT  x  p 
where  p  »  coolant  density  {lb/gal}. 


(gpm> 


Engine  lube  oil  (MIL-L-7808)  at  220*  F  has  a  specific  heat  Cp  * 

0.50  and  a  density  p  *  7.34  ~j~ 

The  cooling  oil  first  passes  through  the  generator  cooling  circuit  and  then 
continues  to  the  engine  lube  points  for  engine  component  lubrication  and  cooling. 
The  oil-temperature  rise  in  the  generator  cooling  circuit  therefore  has  to  be 
kept  low  both  to  provide  sufficient  lubricating  film  for  moving  parts  and  to 
prevent  premature  oil  degradation. 

For  the  maximum  determined  IEG/S  generator  loss  of  8.6  kW  at  max  power 
and  speed  and  an  assumed  oil  temperature  rise  of  AT  -  30*  F,  the  required  cooling 


oil  flow  Q 


57  x  8.6 

0.5  x  30  x  7.34 


4.5  gpm. 


The  baseline  engine  lube  oil  flow  rate  is  8.5  gpm.  The  flow  velocity  in 

pressurized  lube  passages  (lube  lines)  is  typically  16  ft/sec  which  requires  a 

2 

flow  area  of  0.09  in.  ,  equivalent  to  a  3/8-inch-diameter  tube. 


The  purpose  of  this  investigation  was  to  determine  the  dynamic  behavior 
of  the  modified  TF34  engine  with  HP-shaft-mounted  generator /starter  rotor  and, 
once  these  dynamics  have  been  determined,  to  compare  them  to  those  of  the  baseline 
TF 34-100  engine. 
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a.  Results 


The  results  In  Tables  58  and  59  are  a  comparison  of  the  resonances  obtained 
for  the  baseline  and  the  IEG/S  configuration,  under  1/rev  high  pressure  (HP) 

Rotor  and  low  pressure  (LP)  Rotor  excitation,  respectively.  In  addition.  Figure 
46  displays  the  No.  3  bearing  load  for  25  gram-inches  at  the  IEd/S  rotor. 

b.  Conclusions 


As  a  result  of  the  analysis,  the  following  conclusions  can  be  drawn: 


•  LP  reference  resonances  are  relatively  unaffected  by  the  introduction 
of  a  generator/starter. 

•  The  HP  reference  resonances  are  not  significantly  affected,  but  the 
casing/gas  generator  (CG)  bending  mode  and  compressor/3-sump 
translation  mode  characters  are  affected  in  the  following  ways: 


The  casing/CG  bending  mode  is  transformed  in  character  to  a 
casing-IEG/S  translation  resonance  with  six  times  more  total 
percentage  of  the  total  energy  in  the  No.  3  bearing  for  the 
IEG/S  configuration. 

The  eompressor/B-sump  translation  resonance  is  unaffected  by 
the  IEG/S  since  the  PM  machine  is  located  at  a  node  for  this 
resonance.  However,  the  percent  potential  energy  in  the  No. 
3  bearing  is  reduced  by  a  factor  of,  4  for  the  IEG/S  design. 


The  TF34-iKG/S  design  will  produce  high  No.  3  bearing  loads  from 
14,000  to  1<>,000  rpm  because  of  the  sensitivity  of  the  fan  case/ 
fan  frame  and  fan  frame/A-sump  resonance  caused  by  generator 
rotor  unbalance. 

The  IEG/S  integration  is  acceptable  except  for  the  possibility 
of  high  No.  3  bearing  loads  at  idle  due  to  generator-rotor  and/or 
High  Pressure  Turbine  (HPT)  unbalance  (Figure  47),  either  of  which 
would  affect  the  No.  3  bearing  life. 


c.  Recommendations 


The  following  refcoranendations  are  suggested  to  lower  the  No.  3  bearing  loads 


The  IEG/S  rbtor  must  be  well  balanced,  since  it  will  produce 
high  No.  3  bearing  loads  at  gas  generator  idle. 


TABLE  58 


RESONANCE  COMPARISON  BETWEEN 
TF34  BASE  AND  IEG/S  DESIGN 
1/REV  HIGH  PRESSURE  EXCITATION 


MODE  CHARACTER 
Front  Frame 

Engine  Pitching,  Rear  Mount 

Engine  Transmission 

Fan  Case/Fan 

Front  Frame/A  Sum-,- 

HPT/Casings/Front  Frame 

Casings /LP  Shaft 

Fuel  Control 

Fan/LP  Shaft 

LP  Shaft/LPT/Fan 

Casings/GG  Bending 

Fan  Case/Front  Frame 

Front  Frame/A  Sump 

LPT  Bending/C  Sump 

Compressor/B  Sump  Transmission 

LPT  Shaft  Bending 


TF34  BASE 

TF34  IEG/S 

1201 

,,1253 

1902 

1897 

2470 

2513 

2924 

2997 

3485 

3841 

4140 

5360 

4712 

4353 

7130 

7212 

8363 

7475 

8531 

8476 

9370 

9965 

13362 

14365 

14565 

16872 

15575 

15449 

18121 

18140 

18893 

17346 

138 


TABLE  59 


RESONANCE  COMPARISON  BETWEEN 
TF34  BASE  AND  IEG/S  DESIGN 
I/REV  LOW  PRESSURE  EXCITATION 


MODE  CHARACTER 


TF34  BASE 


Engine  Pitching,  Rear  Mount 

Engine  Transmission 

Pan  Case/  Fan  Transmission 

PT/HPT  Transmission 

HPT/Casings  Transmission 

Compressor  Case  Bending/ 

HPT/Fan  Case  Transmission 

Fan/Compressor  Case  Transmission 

Stators/ (Int.  Starter) 

LPT  Shaft  Bending 


2008 

2653 

3932 

4697 

5456 

6560 

8837 

21876 

12264 


TP34  IEC/S 

2005 

2594 

3945 

4661 

5401 

6538 

8784 

10169 

22632 
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Fifure  46.  TF34  No.  3  Bearing  Load,  Compressor/Starter  Unbalance. 


•  Since  the  No.  3  bearing  loads  are  also  such  higher  at  idle 
for  PPT  unbalance,  either  better  HPT  balancing  or  a  higher 
gas  generator  idle  speed  will  have  to  be  considered. 

5.  Effect  of  Engine  Dynamics  Upon  PM  Machine  Radial  Air  Gap 

The  relative  radial  deflection  of  the  generator  rotor  in  relation  to  the 
generator  stator  has  been  investigated.  The  sturiy  assumed  a  soft  No.  5  bearing 
with  the  No.  2  and  No.  3  bearing  stiffness  characteristic  unchanged  from  the 
base" 'ne  engine. 

a.  Results 

Figure  48  is  a  plot  of  the  IEC/S  generator  clearance  changes  for  115  gram- 
inches  at  HP-turbine  Stage  2,  20  gram-inches  at  the  compressor  Stage  3,  and  25 
gram-inches  at  the  IEG/S  rotor. 

b.  Conclusions 

The  IEC/S  radial  air  gap  change  is  most  significantly  affected  by  HPT 
unbalance  and  to  a  lesser  extent  by  unbalance  at  the  IEC/S  rotor. 

c .  Recommendations 

The  HPT  and  IEG/S-rotor  will  need  to  be  well  balanced  to  maintain  acceptable 
clearance  changes  for  the  IEC/S. 

6.  Containment  of  Failed  Rotor  Parts 

In  the  event  of  a  rotor  shrink  ring  failure,  the  rotor  parts  -  shrink  ring, 
magnets,  and  pole  pieces  -  are  to  be  retained  within  the  forward  sump  area.  Two 
principal  ways  of  establishing  the  necessary  requirements  can  be  considered: 

1.  The  outer  containment  shell  can  be  made  strong  enough  to  contain 
the  impact  of  the  rotor  pieces.  In  order  to  achieve  this,  the 
outer  shell  must  be  designed  to  withstand  twice  the  pressure  level  , 
these  parts  create  r  maximum  overspeed. 

2.  The  total  energy  In  the  rotor  to  be  absorbed  must  be  limited  to 
the  plastic  information  of  the  containment  shell  without  rupturing 
this  shell. 

In  the  f.rst  approach  the  radial  pressure  level  of  the  rotor  parts  is 
reflected  in  the  hoop  stress  of  the  retaining  ring.  The  stress  level  in  this 

in 


ring  is  already  so  high  that  either  a  stationary  retaining  ring  of  the  same 

thickness  would  have  to  have  300,000  psi  stress  capability  or  else  a  stationary 

retaining  ring  of  the  nominal  stress  capability  would  have  to  be  twice  as 

chick.  This  capability  would  require  an  impractically  high  weight. 

The  conditions  in  the  second  approach  are  best  illustrated  by  an  example. 

Taking  the  rotor  dimensions  and  maximum  overspeed  for  the  120  KVA  PM  generator 

for  the  TF34  application  in  its  final  version,  one  calculates  for,  a  ring  of 

4. 67-inch  axial  length,  3.9-inch  outer  radius  (R  ) ,  and  1. Co-inch  radius  (R. )  a 

o  l 

total  energy  of 

E  -  228,600  ft-lb 

If  one  considers  the  magnetic  steel  in  the  stator  plus  the  cooling  shroud 
and  a  0.2-inch-thick  aluminum  frame  without  the  copper  windings,  the  energy 
levels  necessary  to  plastically  deform  these  parts  (up  to  tensile  strength)  are 
found  to  be  as  follows: 

Permendur  Stator  Core  Ed  ■  28,340  ft-lb 

Medium-Carbon  Steel  Cooling  Shroud  Ed  »  15,660  ft-lb 

Aluminum  Frame  (XA201.0-T7)  Ed  -  14,030  ft-lb 

for  a  total  deformation  energy  of 

Ed  -  58,030  ft-lb 

This  is  a  quarter  of  the  total  rotor  energy.  Thin  if  all  the  disks  on  the  rotor 
were  to  fall  at  the  same  time,  it  appears  that  an  additional  containment  wrapper 
would  be  needed,  such  as  the  kind  used  in  aircraft  engines  to  retain  broken-off 
blades.  (The  7103  uses  a  Kevlar  wrapper  for  the  fan  blade  section.) 

It  is  extremely  unlikely,  however,  that  a  rotor  built  from  multiple  disks 
will  have  all  its  disks  fall  at  once.  More  likely,  the  disks  would  fail  one  at 
o  time.  In  the  case  of  four  disks  the  stator  seems  to  have  sufficient  energy 
absorption  capability  (through  c'eformatlon)  to  contain  this  one  disk. 

Presently  available  analysis  methods  make  it  extremely  difficult  to 
accuretely  analyse  the  subsequent  disk  failures  and  their  containment.  It  is  not 
sufficiently  understood  how  much  energy  absorption  capability  the  stator  materials 
have  if.  they  are  exposed  to  a  dynamic  deformation  process  over  sn  extremely  short 
time  span.  In  order  to  describe  what  happens  in  a  subsequent  disk  failure  one 
needs  to  define  the  state  of  the  machine  after  the  first  failure. 

\  '  . 
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Presently,  whenever  these  kinds  of  problems  occur  the  development  of  the 
selected  method  of  containment  is  based  on  extensive  testing.  (The  containment 
wrapping  of  the  four  stages  for  the  F103  engine  has  been  developed  that  way.) 

General  Electric  Company  Corporate  Research  and  Development  is  presently  devel¬ 
oping  containment  structures  for  multidisk  flywheels  utilized  for  flywheel 
energy  storage  applications.  It  is  therefore  suggested  that  the  containment 
approach  be  the  subject  of  a  special  program  which  investigates  the  failure 
behavior  of  such  a  rotor  and  develops  the  proper  containment  strategy.  Based 
upon  present  experience  and  understanding  of  this  rotor  failure  mode,  it  is  not 
expected  that  the  containment  scheme  necessary  for  protection  will  add  weight 
and  require  more  space  to  a  degree  that  would  significantly  change  the  con¬ 
clusions  of  this  study. 

7 •  Description  of  Interface  Between  Selected  S tart er/Genera tor  and  Engine 

a .  Starter/Gcnerator  Description 

The  following  starter /generator  description  is  based  upon  the  starter/ 
generator  developed  under  Air  Force  Contract  F33615-74-C-2037,  and  can  be 
considered  as  scaled  down  from  the  contract  150  KVA  machine  to  this  machine  which 
has  a  120  KVA  rating.  Thus,  the  concepts  in  design  and  manufacturing  techniques 
have  been  established  from  test  and/or  operational  experience  with  rare  earth/ 
cobalt  permanent  magnet  Variable  Speed  Constant  Frequency  (VSCF)  starter-generators. 

In  the  following  sections  the  salient  features  and  characteristics  of  the 
starter /generator  are  described,  along  with  the  genezal  configuration  and  function 
of  its  major  components,  so  that  the  selected  configuration  can  be  better  under¬ 
stood. 

b .  Starter/Generator  Overview 

The  starter/generator  system  rated  at  120  KVA  is  a  permanent-magnet  radial 
air-gap  machine  with  nine-phase  output  winding  and  a  permanent  field  provided  by 
rare  earth  magnets  that  are  contained  in  an  all-metallic  rotor. 

The  starting  capability  is  provided  by  application  of  power  from  the 
converter  to  the  generator  output  windings.  The  generator  will  therefore  operate 
a*  a  brushless  d.c.  motor.  Sensors  are  used  to  detect  angular  relationship 
between  the  rotor  poles  and  phase  windings,  functioning  as  the  commutator,  such 
that  power  can  be  spplled  to  the  proper  phase  to  achieve  Che  required  engine 
starting  torque. 


The  generated  voltage  and  power  output  to  the  converter  are  functions  of 
speed.  Therefore,  the  generator  is  designed  to  be  capable  of  delivering  rated 
load  and  meeting  overload  requirements  at  the  base  speed.  At  higher  speeds 
the  generator  has  the  capability  of  delivering  power  exceeding  specification 
requirements . 

The  winding  is  cooled  by  oil  circulated  in  discrete  channels  around  the 
stator  frame. 

This  type  of  starter/generator  is  considered  inherently  more  reliable  than 
conventional,  wound-rotor-type  a.c.  generators  since  the  generator  does  not 
contain  rotating  windings,  eliminates  the  use  of  rotating  rectifiers,  has  but 
one  output  winding,  and  is  simplified  by  using  substantially  fewer  parts. 

A  layout  cross-sectional  view  of  this  starter/generator,  with  identification 
of  components  as  referenced  and  described  herein,  is  shown  in  Figure  49.  Table 
60  contains  a  comparison  between  the  tradeoff  design  and  the  detail  design  made 
for  the  selected  Level  III  system.  The  designs  are  different  due  to  refinements 
in  the  magnet  requirement  which  resulted  in  a  six  percent  decrease  in  stack 
length.  Additional  machine  details  are  shown  in  Table  61. 

Rotor 

The  rotor  is  an  18-pole  ring  segment  design  with  four  ring  segments  1.16 
irches  long  and  7.80  inches  in  diameter.  Each  segment  is  constructed  to  contain 
the  permanent  magnets  and  the  metallic  members  and  to  provide  the  required 
magnetic  path  and  mechanical  strength.  The  ring  segments  are  aligned  and 
assembled  onto  a  shaft  sleeve  and  held  in  place  with  a  shrink  collar.  The 
parts  of  the  rotor  (Figure  50)  are  further  described  as  follows: 

Shaft  Sleeve  -  The  shaft  sleeve  would  be  made  from  a  nonmagnetic,  high 
strength  material  such  as  Inconel  750,  to  prevent  interference  with  the  magnetic 
flux  path.  This  part  would  form  the  interface  to  the  engine  shaft  and  allow  the 
four  rotor  disks  to  be  assembled  prior  to  their  assembly  into  the  engine. 

Sllngers  -  Located  on  both  ends  of  the  shaft  sleeves  are  slingers  which 
serve  to  minimize  the  amount  of  oil  that  contacts  the  rotor.  These  slingers  would 
be  made  of  a  high  strength  nonmagnetic  material.  One  slinger  is  a  separate  part 
and  would  also  serve  as  a  shrink  collar  to  hold  the  rotor  disk  onto  the  shaft 
sleeve.  The  other  slinger  is  integral  with  the  shaft  sleeve,  provides  proper 
angular  alignment  of  the  4-hub  segment,  and  provides  a  positive  anti-rotation 
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Assembly 


TABLE  60 

FINE  TUNING  OF  120  KVA  MACHINE 


DIMENSION 

TRADEOFF 

Rotor  Diameter 

8.0 

Stator  Base  Diameter 

8.112 

Punching  Diameter 

9.214 

Magnet  Height 

1.210 

Magnet  Length 

0.607 

Shrink  Ring  Thickness 

0.520 

Stack  Length 

4.91 

Length  Over  End  Turns 

6.03 

Maximum  Length  . 

6.50 

Volume  (electromagnetic) 

473 

Weight  (electromagnetic) 

75 

Losses 

9.32 

1 


DESIGN 

DETAIL  DESIGN 

7.800  iri. 
7.934  in. 
9.142  in. 
1.373  in. 
0.591  in. 
0.510  in. 

4.633  in. 

5.722  in. 

6 .20  in. 

407  in.3 
75  lb 
9.1  wr 

(2  p.u.  load) 
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TABLE  61 


FINAL  MACHINE  DATA  FOR  120  KVA  GENERATOR  FOR  TF34  POWER  LEVEL  III  APPLICATION 


Pole  Pairs 

9 

Base  Frequency 

1407 

Phases 

9 

Turns /Phase 

12 

Per  Unit  Pole  Arc 

0.5 

Gap  Flux  Density 

52  KL/in. 

Number  of  Slots 

10S 

Stator  Bore  Diameter 

7.934  in. 

Slot  Width 

0.135  in. 

Slot  Depth 

0,426  in. 

Slot  Opening 

0.070  in. 

Stack  Length 

4.633  in. 

Length  Over  End  Turns 

5.722  in. 

Yoke  Thickness 

0.179  in. 

Punching  Diameter 

9.142  in. 

Rotor  Diameter 

7.800  in. 

Shrink  Ring  Thickness 

0.510  in. 

Magnet  Height 

1.373  in. 

Magnet  Length 

0,591  in. 

I2*  Losses  at  2  p,u.  Load 

4.7  MT 

Iron  Losses  at  2  p.u.  Load 

4.5  W 

Weight  Total  Electromagnet 

7  5  lb 

Rotor  Weight 

50  lb 

K  K 


Figure  50.  Rotor  Cross-Sectional  View. 
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feature.  Torque,  however,  is  assumed  to  be  transmitted  by  friction  (shrink-fit) . 

Hub  -  The  hub  would  also  be  made  from  a  nonmagnetic  high  strength  material, 
3uch  as  Inconel  750,  to  prevent  shorting  the  magnets  out  at  the  inside  diameter. 

The  hub  provides  the  base  or  support  for  attachment  of  the  spoke-configured  magnet i 
members  and  the  permanent  magnets. 

Magnet  -  The  design  is  based  on  using  a  rare  earth/cobalt  permanent  magnet 
with  an  energy  product  of  not  less  than  21  x‘  10  (B^,  remanent  induction  x  H^, 

demagnetization  force)  measured  at  room  temperature.  The  magnets  are  magnetically 
oriented  in  the  tangential  direction  to  provide  a  "flux  squeezing"  effect  which 
increases  both  effective  pole  flux  and,  in  turn,  the  air  gap  flux  density. 

The  magnet  size  is  1.373  inches  in  the  radial  direction  as  measured  in  the 
center  and  0.591  inch  wide. 

Magnetic  Member  (Spoke-Configured)  -  The  spoke-configured  magnetic  member 
is  fabricated  from  low  carbon  steel  such  as  1010  steel  and  attached  to  the  hub 
by  electron-beam  weldments.  This  forms  the  magnetic  pole  and  provides  the 
necessary  flux  path  to  the  air  gap. 

Slot  Design  -  The  machine  design  was  optimized  in  the  slot  opening/air 
gap  geometry.  The  original  study  was  done  with  open  slots,  an  approach  which 
has  been  discussed  periodically.,  Open  slots  cause  high  eddy  current  losses  in  the 
rotor  pole  preface.  Tne  advantage  of  open  slots  is  their  low  slot  leakage 
reactance.  Finite  element  analysis  methods  were  used  to  determine  slot  leakage 
and  slot  harmonics  effects,  and  working  from  these  findings  the  ratio  of  air 
gap  length  to  slot  opening  was  balanced  in  order  to  minimize  rotor  surface  losses  . 
while  keeping  the  overall  commutating  reactance  constant .  This  was  achievet 
by  compensating  for  an  increase  in  leakage  reactance  by  a  decrease  in  synchronous 
reactance.  The  calculations  indicate  that  by  reducing  the  slot  openings  from 
0.135  inch  to  0.070  inch  (air  gap  length),  the  eddy  current  losses  at  full¬ 
load  top  speed  would  be  only  300  watts . 

Shrink  Ring  -  The  shrink  ring  provides  the  necessary  support  for  the 
magnets  and  pole  pieces  through  the  overspeed  rating.  It  is  fabricated  from 
alternating  sections  of  magnetic  and  nonmagnetic  materials  that  are  welded  by 
electron  beam  process  to  form  a  rltj.  The  use  of  magnetic  material  in  the  ring 
allows  the  effective  magnetic  air  gap  to  be  significantly  reduced  and  in  turn  to 
minimize  the  magnet  size.  Typical  shrink  ring  material  would  be  MP35N 


(nonmagnetic)  and  Ni-Mark  300  (magnetic) .  The  shrink  rir.g  radial  thickness  for 
this  machine  is  0.510  inch. 

Rotor  Assembly  -  The  finished  rotor  has  an  outside  diameter  of  7.800  inches 
and  a  stack  length  of  4.633  inches. 

Stator  -  The  stator  is  similar  in  construction  to  other  con*,  anti  anal  a.c. 
machines.  It  is  constructed  with  a  wound  laminated  magnetic  core  and  an  outer 
aluminum  shroud  of  high-strength  aluminum  alloy.  The  laminated  core  is  9.12  inches 
in  outside  diameter  and  4.633  inches  in  length,  has  108  slots,  and  contains  a 
nine-phase,  multiple-strand,  round  conductor  winding.  (See  Figure  51  for 
generator  schematic.)  The  parts  of  the  stator  are  further  described  as  follows: 

Stator  Core  -  The  stator  core  material  selected  was  0.006-inch-thick  vanadium 
cobalt-iron,  an  alloy  commonly  known  as  "Vanadium  Permendur."  This  alloy, 
when  properly  processed,  permits  design  for  operation  at  substantially  higher 
flux  densities  with  lower  magnetizing  current  than  conventional  magnetic  steels, 
thereby  permitting  an  electromagnetic  design  that  will  result  in  a  smaller  and 
lighter  machine.  The  0.006  Inch  thickness  was  selected  to  minimize  eddy  current 
losses  at  the  high  operating  frequencies. 

The  laminations  are  stacked  and  aligned,  and  secured  by  bonding.  The 
phase  windings  would  be  insulated  from  the  laminated  core  slots  with  a  double¬ 
liner  polyimide  film.  Two  thicknesses  are  used  to  assure  dielectric  reliability 
at  the  voltages  generated  at  the  higher  end  of  the  speed  range.  Different  phase 
windings  occupying  the  same  slots  are  insulated  from  each  other  with  a  polyimide 
film  member  and  coils  mechanically  secured  using  an  interference-fit,  rigid 
polyimide  top  stick. 

Phase  Winding  -  The  phase  colls  are  round  copper  conductors,  which  are, 
enameled  with  quadruple-build  polyimide  to  enhance  phase-to-phase  and  phase-to¬ 
co  re  insulation  reliability. 

The  coil  turns  are  wound  in  strands,  or  in  multiple,  to  reduce  "skin 
effect"  I2R  losses.  The  strands  are  transposed  in  the  end  turns  to  cancel  cut 
the  strand-to-strand  voltages  generated  in  the  slot  and  thereby  minimize  the 
"deep  bar"  losses. 

,  The  sizing  of  conductors  in  design  is  limited  by  a  current  density  of 
7,750  amperes  per  square  inch  at  rated  load. 
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Laminated-End  -  Two  melamine  glass  laminations  of  0.062  inch  thickness  are 
used  on  each  end  of  the  stack  to  protect  the  phase  winding  entry  and  exit  of  the 
slot  area  against  cut-through  on  the  steel  lamination  comers.  This  protection 
will  increase  the  winding  reliability.  . 

End  Turns  -  The  phase  winding  end  turns  are  formed  back  from  the  bore 
and  against  the  insulated  extended  aluminum  shroud  member  to  provide  close 
contact  with  the  thermal  circuit  for  oil  cooling.  This  arrangement  provides 
important  cooling  of  the  phase  windings  and  supplements  the  transfer  of  heat 
from  the  slots.  The  phases  are  additionally  insulated  from  rath  other  in  the 
end  turns  using  0.003-inch  polyimide  film  insulators. 

Connections  and  Leads  -  The  terminations  of  phcs*.  winding*  are  brazed  with 
connections  of  each  phase  made  to  a  multiple-vrap-polyiiide-film-insulated 
stranded  copper  cable  consisting  of  four  AWG  No.  10  wires  in  parallel  that  have 
a  terminal  that  connects  to  the  machine  terminal  board. 

Winding  Impregnation  -  The  stator  winding  would  be  impregnated  with 
multiple  vacuum-pressure  processing.  This  crmpcjnd  and  process  assures  maximum 
slot  fill  and  coil  bond  to  effect  best  tranter  of  heat  from  the  slot  and  end 
turns  into  the  core,  aluminum  shroud,  cooling  oil  in  the  frame. 

Winding  Support  -  As  shown  in  figure  52,  support  would  be  used  to  help 
support  the  winding  end  turr.s  >nd  lead  connections  as  well  is  provide  protection 
when  the  rotor  might  strike  the  end  turns  during  assembly. 

8.  Other  Electrical  Syr  ten  Conpoto-.t- 

The  following  section  prov,**s  the  fuuctloaal  description  of  the  remaining 
parts,  other  than  the  roto«*  and  state r.  .laaocl  .ted  with  the  starter/generator. 

a.  Protection  Device  (Disconnect) 

Aa  disci  seed  previously,  the  protection  device  selected  is  fuses.  The  fuse 
selected  Is  a  rectifier-type  fuse  with  the  following  characteristics: 

Site: 

Puss  Dlaaetsr  1-7/32  Inches 

Fuse  Length  2-1/8  Inches 

•lade  Length  3-5/8  inches 


Stator  Support 


Rating: 


1  p.u.  Continuous 

1.5  p.u.  5  minutes 

2.0  p.u.  60  seconds 

3.0  p.u.  5  seconds 

See  generator  schematic  (Figure  51)  for  wiring  and  location  details. 

b.  Power  Connections 

The  stator  output  windings  are  terminated  in  threaded  power  studs.  There 
are  nine  neutral  and  nine  power  leads,  each  consisting  of  four  AWC  No.  10 
insulated  leads  in  parallel,  terminating  into  a  threaded  power  stud.  Each  power 
stud  is  inserted  into  the  terminal/fuse  board  located  on  the  forward  section  of 
the  generator/engine  interface  to  form  the  power  connection  interface. 

c.  Performance  Monitors 

The  generator  would  be  equipped  with  current  unbalance  and  speed  sensor 
performance  monitors.  These  monitors  are  functionally  described  as  follows: 

Current  Unbalance  -  A  multiturn,  single-coil  current  transformer  is 
positioned  around  each  phase  neutral  lead.  The  transformers  will  be  located 
on  the  terminal /fuse  board.  These  current  transformers  will  provide  a  signal 
to  the  converter  with  indications  of  phase  current  unbalance  and  high 
frequency  feeder  cable  fault. 

Speed  Sensor  -  Three  Hall-effect  elements  will  be  used  to  provide  rotor 
position  and  rotor  speed  sensing  during  starting.  Each  of  these  elements  provides 
an  output  signal  as  a  function  of  magnetic  flux.  They  are  located  120  electrical 
degrees  apart  on  the  aft  stator  frame,  and  are  positioned  so  as  to  detect  the 
pole  leakage  flux  of  the  permanent  magnet  generator. 

A  small  sensor  core  of  laminated  silicon  Iron  laminations  is  utilized  to 
increase  the  magnetic  flux  through  the  Hall  element.  The  leads  of  the  Hall-effect 
device  are  covered  by  a  shield  to  eliminate  noise  signals  that  might  be  generated 
in  this  signal  device.  The  shielding  is  terminated  adjacent  to  the  control 
connector,  and  the  Hall  generator  leads  are  terminated  in  the  control  connector. 


Terminal/Fuse  3oard  -  Located  at  the  forward  end  of  the  generator  is  a 
large,  nonmetallic,  donut-shaped  plate  which  is  mounted  directly  above  the 
generator  end  turns.  This  plate  serves  as  a  junction  area  for  the  generator 
leads  and  high  frequency  cables  as  well  as  the  mounting  area  for  the  nine  current 
transformers  and  nine  fuses.  This  plate  would  be  made  from  Vespel ,  a  high- 
strength,  nonmetallic  material  with  excellent  thermal  characteristics,. 

High  Frequency  Cables  -  Exiting  the  terminal/fuse  board  would  be  a  cable 
with  terminal  lugs  on  one  end  and  connectors  on  the  other.  This  arrangement  will 
allow  the  generator  to  be  removed  from  the  engine  without  pulling  the  cables. 
These  cables  would  be  spliced  into  a  harness  assembly  and  sealed  by  a  removable 
plug  on  the  outside  of  the  engine.  High  frequency  cables  with  connectors  on 
both  ends  will  be  routed  to  the  remote- located  converter.  The  high  frequency 
cable  within  the  engine  and  outside  the  engine  has  the  following  characteristics : 


Number  of  cables 
Wires  per  cable 
Wire  size 

Current  per  conductor  @  1  p.u. 

Cable  cover 

Jacket 

Diameter 

Weight 

Bend  radius 

9.  IEG/S  Losses 


6 

7 

10  AWC 
29.5  amps 

shield  97  percent  min 
Teflon 

0.486  inch  max 
0.277  lb/ft 
4,86  Inches  min 


a.  Generator  Losses 

The  calculated  generator  losses  are  shown  in  Table  62. 

b.  System  Losses 

The  system  losses  consist  of  the  generator  losses  plus  converter  losses. 
They  are  shown  in  Table  63. 


10.  Thermal  Insulation  Life  Prediction 


A  thermal  analysis  using  a  thraa-dimenaional  mash  network  was  applied  to 
the  rotor  and  stator  to  eatabllah  tha  winding  hot-spot  temperature.  The  winding 
end  turns  ware  found  to  be  160*  C  at  full  load*  top  speed  with  an  80*  C  oil. 
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TABLE  62 

CALCULATED  GENERATOR  LOSSES 
Generator  Losses  (kW)  at  Base  Speed 


System  Load 

1  p.u. 

3/4  p.u. 

1/2  p.u. 

1/4  p 

Windage 

1.5 

1.5 

1.5 

1.5 

Pole  Face 

0.2 

0.2 

0.2 

0.2 

Core 

;  1.8 

1.8 

1.8 

1.8 

i2r 

1.5 

0.8 

0.4 

0.3 

5.0 

Generator  Losses 

4.3 

(tu)  at  Top  Speed 

3.9 

3.8 

System  Load . 

1  p.u. 

3/4  p.u. 

1/2  p.u. 

1/4  p 

Windage 

2.3 

2.3 

2.3 

2.3 

Pole  Face 

0.6 

0.6 

0.6 

0.6 

Core 

4,2 

4.2 

A. 2 

4.2 

1.5 

0.8 

0.4 

0.3 

8.6 

7.9 

7.5 

7.4 

r 

( 

l 

■t 
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TABLE  63 


SYSTEM  LOSSES 

1  per  unit  (p.u.)  system  load  ■  120  KVA 

System  Losses  (ktf)  at  Idle  Speed 


System  Load 

LBj. 

u. 

3/4  p.u 

!• 

1/2 

p.u. 

1/4 

p.u. 

kW 

nZ 

kW 

nZ 

kW 

nZ 

k  W 

p,Z 

Converter 

5.9 

95 

4.8 

95 

3.7 

95 

2.6 

94 

Generator 

5.0 

96 

4.3 

95 

3.9 

94 

3.8 

88 

Total  Losses 

10.9 

9.1 

7.6 

6.4 

Output  at  0.95 

PF 

114.0 

85.5 

57.0 

28.5 

Power  Input 

124.9 

94.6 

64.6 

34.9 

System  Efficiency, 
Percent 

91.3 

■ 

90.4 

88.2 

81.7 

System  Losses 

(kW) 

at  Takeoff  Speed 

System  Load 

1.  p, 

■  u. 

3/4  p.u. 

1/2  p 

.u. 

1/4  p. 

■  u. 

kW 

nZ 

kW  _ 

nZ 

kW 

nZ 

k  V 

nZ 

Converter 

8.6 

93 

7.5 

93 

6.5 

90 

5.5 

85 

Generator 

8.6 

93 

7.9 

92 

7.5 

88 

7.4 

79 

Total  Losses 

17.2 

15.4 

14.0 

12.9 

Output  at  0.95  PP 

114.0 

85,5 

57.0 

28.5 

Power  Input 

131.2 

100.9 

71.0 

41.4 

System  Efficiency, 
Percent 

86.9 

84.7 

80.3 

68.9 

in 


Inlet  temperature.  This  was  for  an  operating  schedule  of: 


91.55  percent  of  time  at  less  than  82  percent  speed  (100  percent  =  17,500 
rpm)  and  full  load 

7.6  percent  at  100  percent  speed  and  full  load 

0.8  percent  at  1.5  per  unit  load  and  100  percent  speed 

0.05  percent  at  2  per  unit  load  and  100  percent  speed 

The  above  hot-spot  temperature  gives  an  Insulation  life  prediction  of 

greater  than  180,000  hours.  This  is  based  upon  life  expectancy  data  for 

insulation  systems  used  on  similar  aircraft  generators.  The  current  d-^sity  at 

2 

full  load  for  this  machine  is  8500  A/in. 

11.  Generator  Reliability  Assessment 


A  detailed  reliability  study  was  not  conducted  on  the  selected  machine 
because  of  its  similarity  to  the  rotor  construction  used  on  conventional  a.c. 
synchronous  aircraft  permanent  magnet  control  generators  (multiple  pole  with 
a  shrink  ring) .  The  following  reliability  study  is  based  on  taking  the 
reliability  analysis  of  a  permanent  magnet  control  alternator  and  adjusting  it 
for  the  number  of  poles  and  the  additional  length  to  attain  the  stack  length. 
The  stator  analysis  was  obtained  by  taking  a  similar  main  stator  wound  and 
removing  those  components  not  being  used.  The  result  of  this  reliability 
assessment  is  shown  in  Table  64. 


12.  Forces  Due  to  Rotor  Misalignment 


Additional  inputs  were  required  for  the  mechanical  interface  design  to 
assess  the  electromagnetic  forces  that  were  due  to  rotor  eccentricities. 

For  a  cylindrical  PM  machine,  these  forces  are  derived  from  the  following 
equation.  The  PM-type  cylindrical  design  is  characterized  by  a  synchronous 
reactance  in  the  direct  axis,  which  is  generally  less  than  the  synchronous 
reactance  in  the  quadrature  axis.  This  is  contrary  to  electrically  excited 
synchronous  aa-.hlnes  and  will  also  be  reflected  in  the  force  equation. 

For  the  unsaturated  machine  at  no-load  one  can  arrive  at  the  eccentricity 
force  equation  listed  below. 


F 


»-l -g  AB2 

2*  •  yo  g 


(13) 


iao 


TABLE  64 


RELIABILITY  ASSESSMENT 
FOR 

rNTEGRATED  TF34  ENGINE  STARTER /GENERATOR 
POWER  LEVEL  III  (120  KVA  SYSTEM) 
CYLINDRICAL  PERMANENT  MAGNET  MACHINE 


ROTOR 

Magnets  * 

W,_ld  Joints  * 
Shaft  Internal  Fit 
Keyway 
Key 

Wavy  Washer 

STATOR 

Stator  Coil 
Elec.  Conn. 
Interference  Fit 
O-Rings 

Attachment  Holes 


PART  FAILURES/ IQ6  HOURS 
4.49896 
6. 74844 
1.20188 
0.15360 
0.35260 
0.2000 

13.15548 

0.47709 

0.16737 

0.30047 

1.59400 

3.02204 

5.56097 


Total  MTB?  Hours:  53,428.94 

*  As,»e,  four  (4)  rotor  disks  to  make  total  .tack  length. 

lfl 


13.15548 


5.56097 

18.71645 


Br  •  ha  P, 


2 


(14) 


or: 


With  DR 
HI 
Br 
P 


LE 


5 


OE 

S’!' 


£ 

AB 


DR  •  HI 
2ir  •  fi o 


LE 


T  5 
_£  + 

4  OE 


"OE 


PLE  j 


rotor  diameter 
stack  length 

remawence  flux  density  of  aagnet 

total  aagnet  leakage  permeance 

effective  design  air  gap 

yoke  flux  constant 

gap  flux  constant 

pole  pitch 

A  gap/effective  design  gap 

difference  in  air  gap  flux  density  between  two 
points  in  the  air  gap  180*  apart. 


For  the  PM  machine  selected  the  resulting  force  is 


P  -  538  x  e  2  (lb). 

where  the  effective  air  gap  is  0.071  inch.  However,  saturation  will  significantly 
reduce  this  force  by  Increasing  the  magnetically  effective  air-gap  length.  For 
the  above  example,  the  magnetically  effective  air  gap  becomes 

5SNLE  "  0,180  ln* 

Table  65  illustrates  the  effect  of  saturation  for  no  load  and  full  load. 

T.ie  full  load  point  also  cakes  into  account  the  effect,  of  armature  reaction,  as 
indicated.  In  total,  no  significant  eccentricity  forces  are  expected. 

C.  COMPARISON  OF  SELECTED  DESIGN  WITH  BASELINE  TT34 

These  comparisons  do  not  include  total  impact  on  the  aircraft,  which  Is 
beyond  the  scope  of  this  study.  The  impact  of  replacing  hydraulic  lines  and 
actuators  with  the  larger-sized  electrical  eablft*  and  the  electric  motors  is  not 
included.  These  are  a  part  of  the  subject  being  addressed  in  studies  of  an  all- 
electric  aircraft.  More  accurate  comparisons  do  require  consideration  of  the 
Impact  on  the  total  aircraft  and  would  require  the  participation  of  an  air 
framer  in  the  study.  Figure  53  shows  the  baseline  TF34  engine  with  conventional 
gearbox-mounted  accessories.  Earlier,  Figure  44  showed  the  selected  lEG/s  integrated 
into  the  TF34  engine.  A  comparison  of  major  design  characteristics  pertaining 


TABLE  65 

ECCENTRICITY- INDUCED  POBCE  VS.  SATURATION 


Geometrical  air  gap  =  0.067  Inch 

Eccentricity  —  0.022  Inch  (33  percent) 


Load 

Gap., In.  . 

lu- lb 

No  Load  unsaturated 

0.071 

0.27 

39.2 

No  load  saturated 

0.180 

0.111 

3.0 

Pull  load  saturated 

0.085 

0.235 

13.6  * 

includes  effect  of  reduction 

of  air  gap  flux 

density  by 

armature 

reaction. 


Flgur*  S3.  Basel In*  TF34-100  Layout. 


to  the  differences  between  baseline  and  IEG/S  configuration  is  discussed  below. 

1 .  Weight 

Weights  are  either  actual  TF34  component  weights  or  calculated  from 
preliminary  design  layout  drawings.  Table  66  gives  a  Weight  comparison  between 
the  baseline  and  IEG/S  configuration. 

2.  Reliability 

The  PM  machine  IEG/S  design  derives  its  superior  reliability  through  less 
parts  and  the  elimination  of  mechanical  wear  components  in  the  electrical 
secondary  power  extraction  system. 

A  comparison  of  reliabilities  between  baseline  and  TEG/S  system  is  given  in 
Table  67. 

3*  Ef flciency 

Table  68  presents  efficlences  that  reflect  the  present  power  extraction  on 
the  TF34  as  compared  to  the  anticipated  TF34  engine  with  an  IEG/S.  Figure  54  shows 
conventional  IDG  heat  rejection. 

4 .  Initio]  Cost 

Initial  costs  of  major  components  are  listod  in  Table  69  for  the  baseline 
and  the  IEG/S  system.  Costs  are  based  on  a  production  lot  of  250  units  and  1979 
dollars. 

5 .  Comparison  Summary 

Table  70  provides  an  overall  comparison  between  the  selected  IEG/S-TF34 
and  the  baseline  TF34  system. 


TABLE  66 

WEIGHT  SUMMARY  -  BASELINE  AND  IEG/S  FOR  A  TF34 


aseline  - 


1  ten 

Weight 

(lb) 

I  ten  Weight 

(lb) 

Mech.  Drive  System 

134.0 

120  KVA  SaCo  Gen.  Start. 

108.0 

30/40  KVA  IDG 

78.0 

120  KVA  Cyclo  Converter 

96.0 

Air  Turbine  Starter 

22.0 

Additional  Eng.  Structure 

10.0 

Air  Start  Valve 

. 

7.0 

Additional  Eng.  Shaft 

'  5.0 

Start  -  Air  Duct 

4.0 

2-ft  power  cables 

3.5 

Bleed  -  Air  Duct 

5.0 

Electric  Disconnect  Assy. 

10.0 

LDE  heat  exchanger  and 

hoses 

8.0 

10  kW  Motor  for  Fuel/Lube 

Ptasp  (Force  Commutator 

PM  brushless  motor  and 

electronics; 

34.0 

• 

Total 

258.0 

lb 

267.0 

lb 

TABLE  b7.  RELIABILITY  SU>*(AKY  -  BASELINE  AND  IEG/S  FOR  A  TF34. 


Baseline  -  TF34 

IKC/S  -  TF34  . 

I  ten 

TTBF 

■'Hours) 

Item 

/  /  \ 

MTBF 

(Hours) 

'  „  (1 

Mech.  Drive  System 

34,000 

( 4 1 

PM  cyl.  Machine/Disconnect 

50,000 

(2) 

30/40  KVA  IDG  El.  System 

979 

Cycloconvertar 

10,000 

Air  Turbine  Start  System*3* 

471 

Electric  PM  Motor  for  Puel/Lube 
pump  Electronics(5) 

10,000 

System  MfBF  (Hours) 

315 

System  MTBF  (Hours) 

4545 

Source:  (1)  GE-A EG  data  bank 

(2)  AFM  6b- l  data  6  mo.  Ave.  anding  30  April  1979 

(3)  AFM  66-1  data  6  mo.  Ava.  anding  31  January  1978 

(4)  Calculated  reliability  (aaa  Section  VII-B-ll) 

(5)  Estimated 
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TABLE  68 

EFFICIENCY  COMPARISON  BETWEEN 
BASELINE  TF34  AND  IEC/S  TF34 


30/40  KVA 

IDG 

120  KVA 

IEG/S 

Idle 

T/0 

Idle 

T/O 

Accessory  Gearbox  Loss, 
75  lew,  n  -  0.97 

2.3 

2.3 

- 

- 

Electrical  System 

Loss,  kW 

16.6  * 

19.8  * 

10.9  ** 

17.2 

Pump  Motor  and 
Electronics  Loss,kW 

14  kW;  -  0.88 

— 

• 

l.l 

1.7 

TOTAL 

18.9 

22.1 

12.0 

18.9 

System  Efficiency 

0.80 

0.77  , 

0.90 

0.86 

'•  "  Power-Out 
Power- In 

*  Based  on  actual  IDC  system  dati  on  40  KVA  0.9  PF  par  Figure  54. 
(Reference:  Manufacturer's  test  report  ATR-1186  Figure  5,  Appendix  I.) 

*  Baaed  on  120  KVA,  0.90  PF  and  a  system  efficiency  of  89.3  percent  at 
Idle  speed  and  83.7  percent  at  takeoff  speed.  (Reference:  calculated 
data  from  Table  63. 
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H«at  Loss,  BTU/aln 


TABLE  69 


COST  COMPARISON 


Baseline 

120  KVA  -  IEC/S 

30/40  KVA  System  Generator 

$4723 

Cycloconverter 

$11000 

GCU 

1410 

I  EG/ *5 

22000 

CSD 

22250 

El.  Motor  and  Controls 

5500 

CSD  Fuel/011  Cooler 

1550 

Frequency  Control  Unit 

1000 

Control/Alternator 

1000 

Air  Starter 

4600 

Air  Starter  Valve 

1300 

PTO  Gearbox 

6300 

AGB  Gearbox 

21000 

i 

Total 


$65133 


$58500 


TABLE  70 

SYSTEM  PAYOFF  COMPARISON  BETWEEN 
BASELINE  TF34  AND  SELECTED  IEC/S  TF34 


Weight,  lb 

SPS  reliability,  MTBF 
(hours) 

SPS  Efficiency 

Maintainability/ 

Accessibility 

SPS  Overall  System 
Efficiency 

Frontal  Area 

Initial  coat,  for 
250th  unit,  $ 

Lifa  Cycle  Coat  at  10 
Yeara  and  726-Aircraft 
Fleet,  $ 


BASELINE  TFU 

base 

315 

80  to  751 

35  mi n./LKO 
replacement  tine 

base 

base 

base 

base 


SELECTED  IEC/S  TF34 

♦  9.0 

4545 

83  to  822 

6  hours  replacement 
time  for  I EG/S 

91  Improvement 

same  as  base 
d.6K  <  base 

1/2  base 
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SECTION  VIII 

CONCLUSIONS  AND  RECOMMENDATIONS 


The  results  of  this  study  conclude  that  the  SmCo,  IEC/S  concept  is 
technically  feasible  and  offers  potential  advantages  over  present  secondary 
power  generation  systems  in  specific  applications,  specifically  law  bypass 
engines. 

The  primary  potential  advantages  of  the  IEG/S  concept  compared  to  convention.il 
aircraft  systems  are: 

o  higher  reliability 

•  less  maintenance 

•  lower  life  cycle  coat 

The  overall  effect  and  payoff  of  the  IEC/S  system  versus  a  conventional 
system,  however,  cannot  be  determined  by  the  engine  designer  or  by  the  IEG/S 
system  designer.  It  is  therefore  recommended  that  an  evaluation  of  the  advantages 
ind  disadvantages  of,  th£  IEG/S  systems  be  accomplished  at  the,  aircraft,  .system 
love  1. 

The  proposed  study  program  should  establish  the  overall  payoff  and  effect 
of  the  IEC/S  system  for  advanced  military  aircraft  with  respect  to  mission 
requirements  and  economic  considerations.  This  study  would  further  Include 
aircraft  secondary  power  distribution,  conversion,  and  utilization  equipment  for 
the  tol lowing  subsystems: 

e  Plight  control,  primary  and  backup 

•  Utility  power  (d<x»rs,  landing  gear  and  flaps,  brakes,  nose  gear, 

Steering,  etc.) 

s  Lighting  and  instrumentation 
s  Knvi ronmental  control 
s  Comnuni cat  ion/navigation 
s  Anti-lcing/de-ieing 

•  APU  starting  (if  applicable). 

The  potential  advantages  of  the  IEG/S  is  most  significant  for  Power  Levels 
IIIA  and  III  for  low  bypass  engihss  in  high  performance  aircraft  of  near-sonic  or 
supersonic  operational  capability. 
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The  Installation  of  the  Power  Level  IIIA  or  III  system  eliminates  the 
need  for  an  AGB.  The  payoff  from  this  elimination  is  a  reduction  in  frontal 
area,  especially  in  low  bypass  engines.  The  reduction  in  engine  frontal  area 
results  consequently  in  a  reduction  of  aerodynamic  irag,  thereby  improving 
aircraft  performance.  Modern  high  bypass  turbofan  engines,  however,  can  have 
the  AGB  mounted  in  the  fan  frame  shadow,  inboard  of  the  fan  bypass  duct.  This 
arrangement  offsets  the  IEG/S  advantage  of  engine  frontal  area  reduction.  The 
elimination  of  the  accessory  gearbox  and  the  gearbox-mounted  accessories, 
however,  improves  engine  maintainability  as  well  as  simplifies  the  engine  cowl 
and  the  nacelle  configuration.  The  advantages  of  electrically  driven  engine 
accessories  are  that  they  can  be  freely  located  for  ease  of  maintainability 
and  they  provide  variable-speed  operation  capability.  Pumps  driven  by  variable- 
speed-controlled  PM  motors  can  meet  varying  flow  demands  independent  of  engine 
speed,  thereby  improving  pumping  efficiency.  Improved  pumping  efficiency  keeps 
the  fuel  temperature  rise  lower  and  increases  the  cooling  capacity  of  the  fuel 
for  engine  oil  cooling. 

The  reliability  of  the  IEG/S  -  inducing  that  of  the  safety  disconnect 
inside  the  engine  -  presents  a  major  consideration  when  assessing  the  feasibility 
of  this  concept.  The  selected  IEG/S  concept,  which  involves  mounting  the  PM 
machine  rotor  directly  onto  the  HP  rotor  shaft  and  using  an  electric  (fused) 
nonresettable  disconnect  without  moving  parts,  provides  a  prerequisite  for 
attaining  the  required  reliability  goal  of  at  least  50*000  hours  MTBF.  The 
study  shows  that  the  IEG/S,  excluding  the  cycloconverter  (external  to  the 
engine),  has  the  potential  for  achieving  an  MTB?  in  excess  of  50,000  hours. 

The  need  for  IEG/S  accessibility  Inside  the  engine  is  less  important 
because  of: 

s  The  absence  of  periodic  maintenance  requirement 
•  The  absence  of  life-limited  wear  Items 
s  High  IEG/S  system  reliability 

Therefore,  replacement  of  the  IEG/S  end  related  components  could  be  scheduled 
to  ctlnclde  with  normal  engine  maintenance. 

The  application  of  the  IEG/S  concept  has  its  highest  payoff  potential  for 
high-performance  aircraft  with  low  bypass  englne(s),  in  which  the  frontal  area 
of  the  engine  installation  (nacelle  Or  fuselage)  is  influenced  by  the  AGB  package. 
The  IEG/S  concept  in  dual-spool,  high  bypass  turbofans  does  not  show  a  payoff 


since  there  is  no  reduction  in  frontal  area.  However,  the  elements  of  this  study 
extended  to  consider  a  gearbox,  located  Inboard  and  aft  of  the  fan  case,  driving 
a  permanent  magnet  generator/starter .  Such  a  gearbox  would  appear  to  have 
significant  payoffs  in  terms  of  electrically  driven  components  at  the  engine  and 
airframe  system  level.  This  concept  would  constitute  a  lower  development  risk, 
providing  all  the  advantages  of  an  electrical  secondary  power  system  in  addition 
to  good  access  and  without  increasing  the  engine  frontal  area. 

The  applicability  of  the  T.EG/S  to  specific  engines,  therefore,  must  be  ‘ 
studied  for  each  individual  engine. 

i 

A.  ASSESSMENT  OF  ENGINEERING  FACTORS  DERIVED  FROM  PROGRAM  STUDY 


Reliability 


The  analysis  has  shown  that  the  IEG/S  permanent  magnet  machine  mounted  on 
the  HP  shaft  can  achieve  ,50,000  hours.  MTBF.  Thia  improvement  in  reliability 
over  present  aircraft  generators  is  due  to  the  use  of  conservative  temperature 
and  stress  levels,  a  solid-rotor  design,  and  the  elimination  of  separate  bearings, 
seals,  and  flexible  drive  splines  (quill-shaft). 


Life  Cycle  Cost 


The  projected  life  cycle  cost  of  the  IEG/S  system  la  favorable  in  comparison 
to  a  conventional  secondary  power  system.  Since  there  is  no  maintenance  require¬ 
ment  for  the  IEG/S  (to  coincide  with  engine  maintenance),  maintenance  costs  are 
reduced' because  of  a  dramatic  reduction  in  the  niaber  of  compo, neats.  The  entire 
mechanical  accessory  drive  system  (with  .all  its  bearings,  seals,  and  gears) 
would  be  eliminated  together  with  the  pneumatic  startsr,  starter  valve,  air 
ducting,  IDG,  control  alternator  (hydraulic  pumps  in  the  case  of  the  all-electric 
aircraft),  and  gearbox  mounting  system,  end  the  hundreds  of  components  which  make 
up  Che  above  assemblies. 


Simplified  System 


The  secondary  power  system  components  on  the  engine  are  reduced  to: 


•  PM  machine/safety  disconnect 

•  cyeloconverter 

•  two  electric  motors  aad  their  control  system 
»  fuel  and  lobe  pump. 
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Flexibility  of  Engine  Accessory  Location  and  Operation 

Strategic  location  of  the  engine  accessories  improves  service  tasks. 
Variable-speed  operation  of  the  engine  fuel  and  lube  pump  provides  more  efficient 
operation.  (Variable-speed  fuel  pusq>s  deliver  the  exact  amount  of  fuel  required 
by  the  engine  without  bypass  losses.) 

Improved  Maintainability  of  Engine 

The  elimination  of  the  AGB  and  its  related  accessories,  tubes,  air  ducts, 
and, electric  wires  in  a  small  space  underneath  the  core  cowl  makes  engine  main¬ 
tenance  easier  and  less  costly. 

Improved  Electric  System  Maintainability 

The  hydromechanical  constant  speed  drive  (CSD)  would  be  replaced  by  the 
electronic  cycloconverter.  Unlike  the  CSD,  the  cycloconverter  requires  no 
maintenance  and  has  no  wearing  parts.  (Generator  bearings,  seals,  and  quill 
sh*fts  are  not  needed.)  The  superior  reliability  of  the  1EG/S  electric  system 
makes  it  easier  to  maintain. 

For  the  long-range  prospects,  electronic  components  will  become  even  more 
reliable  due  to  growth  (the  use  of  fewer  parts)  and  improvements  in  a 
relatively  new  technology. 


Efficiency 


The  TF34 
advantage  over 


Weight 


The  weigl 
IEG/S  system  w 
Power  Level  II 
at  the  aircraf 
lines,  and  ass< 


'IEG/S  system  power  extraction  efficiency  shews  an  11  percent 
the  conventional  system  (based  on  Power  L*vel  III). 

it  of  the  120  KVA  PM  generator  is  108  lb  or  0.90  lb/KVA.  The 
sighs  approximately  the  same  as  the  conventional  system.  The 
[  IEG/S  system,  however,  will  show  a  significant  weight  advantage 
:  level  because  of  the  elimination  of  bleed-air  ducts,  hydraulic 
)dated  equipment. 


Engine  Frontal  Area 


The  engii 
bypass  engines 
accessories .  1 
The  two  most  o 


le  frontal  area  of  some  crnventlonal  engines  (particularly  low 
|  is  affected  by  the  engine-mounted  accessory  gearbox  and  the 

Ilgh  bypass  engines  have  multiple  choices  for  their  AGB  location, 
■son  mounting  locations  are  the  fan  case  and  the  core.  The  engine 


frontal  area  Is  affected  only  Indirectly  by  the  core-mounted  AGB,  to  an  extent 
determined  by  engine  9ize,  bypass  ratio,  and  the  relative  size  of  accessories. 

Engine  performance  not  evaluated  in  this  9tudy  effort,  however,  might  be 
influenced  by  the  fan  flow  area  asymmetry  and  additional  scrubbing  due  to  the 
cowl  bump  over  the  AGB  location,  where  applicable.  The  all-electric  power 
extraction,  for  example,  could  be  achieved  by  a  gearbox  (core-gearbox) -mounted 
PM-generator/starter ,  which  would  have  the  same  advantages  as  the  IEG/S  and  also 
avoids  frontal  area  increase.  This  might  be  a  preliminary  first  step  in  the 
direction  of  reliable  electrical  secondary  power  systems. 

B .  APPLICABILITY  OF  SELECTED  IEG/S  AND  ENGINE  TO  FUTURE  PROPULSION  J-YSTRIS , 

The  applicability  and  feasibility  of  the  Level  III  TEG/S  with  SmCo, 
Permanent  Magnet  technology  have  been  proven  by  analytical  methods  provided  in 
this  report.  The  IEG/S  applicability  to  other  engines  can  be  predicted,  but  a 
detailed  study  must  be  performed  for  each  individual  application. 

Low  bypass  or  pure  let  engines  (single  spool)  for  high  performance  aircraft 
with  near-sonic  or  supersonic  operational  speed  have  the  highest  potential  payoff 
for  an  IEG/S  due  to  frontal  area  drag  reduction  (especially  in  wing-pod-  or 
fuselage-pod-mounted  configurations).  This  application  would  be  mo3t-  effectively 
integrated  into  the  design  of  a  new  low  bypass  engine. 

The  TEG/S  concept  would  also  have  a  good  applica'ion  In  a  simplified  form 
(no  safety  disconnect)  and  Power  Level  I  conf iguration  for  a  ertrfsa  missile 
application.  Further  studies  are  recommended  that  would  examine  the  payulf  and 
application  potential  of  the  IEG/S  for  military  aircraft.  This  study  would 
preferably  be  a  cooperative  effort  between  an  airframe  manufacturer  and  a 
propulsion  engine  manufacturer.  Three  distinct  types  of  military  aircrafr 
(fighter,  transport,  and  RPV)  should  be  studied  to  conclude  assessments  of  the 
worth  of  the  IEG/S  concept  at  the  aircraft  system  level. 


APPENDIX  -  DRAWINGS 


TABLE  OF  CONTEXTS 


SECTION  1.0  IEC/(S)  CONCEPTS 

LOW  BYPASS  TURBOFAN  (F404) 

POWER 

LEVEL  DRAWING  NUMBER  _ _ TITLE 

LAYOUTS  -  I EG/ (S)  INTERFACES 

60/75  KVA  Cylindrical 
60/75  KVA  3  Disk 
90  KVA  Cylindrical 
90  KVA  6  Disk 
200  KVA  Cylindrical 
200  KVA  S  Disk 

FULL  ENGINE  CROSS  SECTIONS  WITH  IEG/(S) 


I  4013166-981 

X  4013166-978 

II  4013186-980 

XI  4013186-979 

IIIA  4013271-032 

IIIA  4013271-033 


X  4013271-204  60/75  KVA  Cylindrical 

IX  4013271-205  90  KVA  Cylindrical 

IIIA  4013271-206  200  KVA  Cylindrical 

IIIA  4013271-207  200  KVA  8  Disk 
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SECTION  2.0  IEG/(S;  CONCEPTS 

HIGH  BYPASS  TURBOFAN  (F103/CF6) 


POWER 


LEVEL 

DRAWING  NUMBER 

TITLE 

LAYOUTS  -  IEO/ IS)  INTERFACES 

I 

4013186*987 

75/90  KVA  Cylindrical 

I 

4013186-989 

75/90  KVA  3  Disk 

II 

4013186-988 

120  KVA  Cylindrical 

II 

4013186-990 

120  KVA  3  Disk 

IIIA 

4013271-030 

300  KVA  Cylindrical 

IIIA 

4013271-031 

300  KVA  12  Dlak 

TULL 

ENGINE  CROSS  SECTIONS  WITH  IEG/(S) 

I 

4013271-208 

75/90  KVA  Cylindrical 

IX 

4013271-209 

120  KVA  Cylindrical 

IIIA 

4013271-210 

300  KVA  Cylindrical 

IIIA 

4013271-211 

300  KVA  12  Disk 

I 


SECTION  3.0  IEt  (S)  CONCEPTS 

SMALL  TURBOFAN  (T734) 


POWER 

LEVEL  DRAWING  NUMBER  _ TITLE 

LAYOUTS  -  IEG/(S)  INTERFACES 


I 

4013186-977 

30/40  KVA  Cylindrical 

I 

4013186-976 

30/40  KVA  3  Disk 

II 

4013186-972 

60  KVA  Cylindrical 

II 

4013186-973 

60  KVA  4  Disk 

IIIA 

4013271-026 

60/75  KVA  Cylindrical 

1 1  LA 

4013271-027 

60/75  KVA  6  Disk 

III 

4013271-028 

120  KVA  Cylindrical 

III 

4013271-029 

120  KVA  9  Disk 

POWER 

LEVEL 


III 


III 
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SECTION  4.0  IEG/(S)  FINAL  SELECTION 
SMALL  T'JRBOFAN  (TF34) 


DRAWING  NUMBER 


4013271-257 


_  TITLE 

LAYOUT  -  I£G/(S)  INTERFACES 

120  KVA  Cylindrical 

FULL  ENGINE  CROSS  SECTION  WITH  IEG/(S) 


4013271-199  120  KVA  Cylindrical 


SECTION  5.0  I EG/S  MOCKUP 

SMALL  TURDOFAN  (TF34) 


DRAWING  NUMBER  TITLE 


4013271-109  MOCKUP  IEG/S  120  KVA 

4013271-129  MOCKUP  SUPPORT 
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